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DECLARATION OF AUDREY D. GODDARD. Ph.D UNDER 37 C.F.R § 1.132 

Assistant Commissioner of Patents 
Washington, DC. 20231 



Sir: 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1. I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 200 1,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al., Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al., PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al., Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al., Proc. 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et al., Nature 
396(67 12);699-703 (1998) (Exhibit F) and Bieche et al., Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al. have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al. studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown • 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. "f declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Date 



Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into Meen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D, Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech. perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 



Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone' insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S. Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13, Date of Patent: July 8, 1997 



Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C. Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stbne D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zincrfinger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735, 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gumey AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-21 8. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski P J, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703, 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gumey A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
334(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular En docrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD. Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1,.a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lemmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl 3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E. Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a A/orl linking library from human chromosome 17q. 
Genomics 10: 477^80. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajanie'mi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL (1989) 
Germlin'e, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bioloav of The Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigorsky, T. Shinohara and P.S. Zelenka, Eds. Alan R. Liss, Inc., New York, 1988, pp. 
427-436. 

Goddard AD, Balakier H, Canton M, Dunn J, Squire J, Reyes E, Becker A, Phillips RA and 
Gallie BL. (1988) Infrequent genomic rearrangement and normal expression of the putative 
RB1 gene in retinoblastoma tumors. Mol. Cell. Biol. 8: 2082-2088. 

Squire J, Dunn J, Goddard A, Hoffman T, Musarella M, Willard HF, Becker AJ, Gallie BL and 
Phillips RA. (1986) Cloning of the esterase D gene: A polymorphic gene probe closely linked 
to the retinoblastoma locus on chromosome 13. Proc. Natl. Acad. Sci. USA 83: 6573-6577. 

Squire J, Goddard AD, Canton M, Becker A, Phillips RA and Gallie BL (1986) Tumour 
induction by the retinoblastoma mutation is independent of N-myc expression. Nature 322: 
555-557, 

Goddard AD, Heddle JA, Gallie BL and Phillips RA. (1985) Radiation sensitivity of fibroblasts 
of bilateral retinoblastoma patients as determined by micronucleus induction in vitro. Mutation 
Research 1 52: 31-38. 





JMULTANEOUS AMPLIFICATION AND DETECTION C 
SPECIFIC DMA SEQUENCES 

Russell Higuchi*, Gavin Bollinger 1 , P. Sean Walsh and Robert Griffith 

Roche Mnlccubr System*. Inc.. 1400 55rd St.. Em'eryvukf, CA 94C08, 'C3»rot> Corporation, 1400 53rd Sc. EweryvHIc, CA 
94608. * Corresponding author. 



JUL- 19-8004 13:49 FROM:GENENTI 



ScL USA 85, 

draano, T. A» 
. immtinoujxij 
co Pitttiamna, 

ogham. Kv.. 
nod of donlng 
>i«5»! singfe. 
I066-J070. 
sctlbertr, D. I_. 
tour cite** of 
lojxwWr pho> 

■>, 0™ Dtbkte. 
.penenw, A . A. 
*c-t»rgete4 bv 
«>JM-H«o. 
ted. Vol !, p. 

and Stevens. 

). Btochcm. j. 

V l„ OrtuceH, 
id propclld of 
ojmIsk Mtivitf. 

iritadno of ihc 
at»M evkaryoik 
528. 

lirifKstion And 

ivem. Bk>ph)n. 

1982. Purtfiei.. 
of 0>c antiviral 
■okewced). itta. 

ioitatnfr*. 8io- 

K« inhibitor of 
tern. 255:6947- 

toboodaow, A. 

rilKlMJfllC»lnlH!*l" 

(white bryooj). 

-fynthciir. inlnb- 
iLett. lS5i209- 

S. lunbrion «x) 
inHbhory jpv 
;bcm. 52cl»»- 

x>, JU. Speni, S. 
Dtoubyurowiitt 
clou). fcwdMW. 

A.. Ceuloi. 
Purifctmion and 
*b RNA rV-rt* 
utiw from »<! 
Ada. 99SS87- 

GuiUcnurt, I.C. 
imTrWMd 
of 7W«Aa»W*o 

•tore of anhwl 
Biophr*. Ad« 

ropettie* of |l>e 
•otrin InMWtiiig 

of shrins* toxic 
rercot bWlwo") 
ur.J. Blothetn. 

Fratiz. K. 1*80. 
l Vifevtn <«A«« 

i. and Srirpe. 
>f aiodeeoA, the 

i., J$l l/ M IJ| A. 

s of volkewin, « 
•:!<I689-M!K». 
nd properties of 
ntttty I9s2$)&- 



# 



iGPlL 650 952 9881 



(246638 



P:E'6 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of etbidinm bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases m the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 



lthough the potential benefit* of PCR 1 to. clin- 
ical diagnostics arc well known 5,8 , it is still not 
widely used in this jetting, even though it is 
_ four years eiuco thermostable: pNA polymer- 
ase* 4 made PCR practical. Some of the reasons fot it* slow 
acceptance are high cost, tack of automation of pre- and 
post-PCR processing steps, and false positive results, from 
carryovcKOntamination. The first two points arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once tbertnocy- 
ding it done in order to determine whether the target 
DNA sequence was present and has amplified. These 
indude DNA hybridisation**, gel electrophoresis with or 
without use of restriction digestion 7 '*, HPLC", or capilkuy 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and arc difficult to automate. The third 
point is also closely related to downstream processing. 
The handling of the PCS. product in these downstream 
processes increases the chances that amplified DNA .wilt 
spread through the typing lab, resulting in a risk of 



carryover" false positives in subsequent testing". 
These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place without, the need to separate reaction components 
have been termed '"homogeneous". No truly homoge-. 
heous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
at 1 * developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Alldc-apeciiu: primers, each with different fluo- 
rescent tags, were used to indicate, the genotype of 'the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et al. ls , developed an assay- in 
which the endogenous 5' exc-nudease assay of ray DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only cleave if PCR amplifi- 
cation had produced its cornptetnentary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is again needed, 

We have developed a truly homogeneous assay for PGR 
and PCR product detection based upon tbc gready in- 
creased fluorescence that etbidrura broinide and other 
DNA binding dyes exhibit when they are bound .tojls- 
DNA ,4: - ,S . As outlined in Figure 1, a prototype PCR 
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IKVSE 1 ftindplc of sirrndtaoccnia ampGfifadon and dctedtOfi of 
PCR produce The cooipoacnu of a PCR containing EtSr that arc 
fluorescent are listed— EtBr itself, EtBr bound to either ssDNA or 
daDNA. Tbere is a large fluorescence enhancement when EtBr is 
bound to DNA and brrtdmir is greatly enhanced when DNA .is 
double-stranded. After suSdcnt <n)..cydcs of PGR. the .net 
increase in dsQNA pesuks in addrtiooal EtBr binding, and 3 net 
increase in total fluorescence: 
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IKtflS 2 Gel electrophoresis of PCS. amplification products of the 
human, nuclear gene. HLA DQa, made in the presence of 
increasing amounts of EtBr (up to 8 F^g/tnl). The presence of 
EtBr iias no obvious effect cm the ykid or spedfidty of amplifi- 
cation. 
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RGOK I (A) Fluorescence measurement* from PCRs that contain 
0.5 pg/m! EtBr and that are specific for Y-chrotnosOnoc repeat 
sequence*. Five replicate PCRj were begun containing each of the 
DnAj specified. At cadi mdicined cycle, one of the five replicate 
PCRs for each DNA -was removed from thcrmocyding and its 
fluorescence measured. Uniu of fluorescence are arbitrair. (B) 
UV photography of PCRtubet (0.5 ml Eppcndorf-itylc, polypro- 
pylene micro-centrifuge tubes) containing, reactions, those start- 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A). 
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begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present.. This amount can vary, depending 
on the application, from single-cell amounts of DNA ,T to 
micrograms per PCR- 8 . If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
dowbk^hdw). After the first denatu ration cycle, target 
DNA will be largely single-stranded. After a VCR is 
completed die most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several tnkrbgrants. Formerly free EtBr is bound to the 
additional dsDNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smalL The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
ding. 



RESULTS 

PCR in the presence of EtBr. In order to' assess the 
affect of EtBr in PGR, amplifications of the human HI j\ 
DQet gene" were performed with the dye present at 
concentrations from 0.06 to 8.0 ug/ml (a typical concen- 
tration of EtBr used in staining of nucleic adds following 
get electrophoresis is 0.5 ug/njf). As shown in Figure 2, gej 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR. 

Detection of hojosan Y-chronKMwnni specific se- 
quences- Sequence -specific fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a scries of 
amplifications containing 0.5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc**'- These PCRs initially contained either 
60 ng male, 60 ng female, 2 ng roak human or no DNA.' 
Five replicate PCRs were begun for each DNA. After 0, 
17,21,24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermocyder, and Us. fluo- 
rescence measured in a spectrofhtorometer and plotted 
vs. amplificadon cycle number (Fig. 3 A). The shape of this 
curve tcSccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number. 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— die fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electnmnctrests oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that little DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on » l/V 
transilhuninator and photographing them through a red: 
filter. This is shown in figure 3B for the reactions that 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alkie* of the human ft-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the SKUc-ceu anemia mutation was performed. Figure 
4 shows the fluorescence from completed amplication* 
containing EtBr (0.5 iigtail) su detected by photography 
of the reaction tubes on a UV cransuiuminator. These 
reactions were performed using primers specific for ei- 
ther the. wild -type or skUe-cell mutation of the human 
p-globin gene". The specificity for each allele is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus am- 
plification — can take place only if the 5' nucleotide of the 
primer is complementary to the p-gk)bmal^ ■ 

Each pair of amplifications shown in Figure 4 consists of 
a reaction with etcher the wild-type allele specific (left 
tube) or sickk-aUele specific (right tube) primers. Three 
different DNAs. were typed: DNA from a homozygous, 
wfld-typc B-globin individual (AA); from a heterozygous 
sickle p-globin individual (AS); and from a homozygous 
sickle B-globJo individual (SS). Each DNA (50 ng genomic 
DNA to start each PCR) was analyzed in triplicate (3 pairs 
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c f reactions each). The DNA .type was reflected in the ■ 
re j ilt jvc fluorescence intensities in each pair of completed 
amplifications. There was a significant increase in fluores- 
ce* only where a p-globin allele DNA matched the 
primer net. Whco measured on a jpcctroflnoronietcr 
Mata not shown), this fluorescence was about three times 
[h»t present in a PGR where both p-globm alleles were 
nusmatched to the primer set. Gel efcctrophoresj* (not 
shown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for fl-globin. There was 
little synthesis of dsDNA b reactions in. which the allele- 
specific primer was mismatched to boih alleles. 

Continuous monitoring of a PCR- Using a fiber optic 
devkef't is possible to direct excitation illumination from 
,i spectrofl uorometer to a PGR undergoing thcrmocyding 
and to return its fluorescence to the sf>cctroftuorOf»etCT. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-concaining amplification of Y-chromo 
somc spcci6.c sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control FCR 
vim no target DNA is also shown. Thirty cycles of FCR 
were monitored for cacbu 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and . falls inversely with temperature. The Huo- 
rciecnce interna iy is minimum at the denaturation tem- 
perature (&4°C) and maximum at Ac anneaUng/extension 
temperature (SOX). In the negative-control FCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbenaocycks, indicating that there is 
Httle dsDNA synthesis without the appropriate target 
DNA, and there fa little if any Meshing of E*Br during 
lh< continuous illumination of the sample. 

In the PGR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
incrcaxe at about 4000 seconds" of therwiocyeung, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that die fluo- 
rescence minima at the denaturatioo temperature do not 
significantly increase, presumably because at this temper' 
aturc there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel. electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-spedfic probe can enhance die specificity of DNA 
detetaiuit bv FCR. The cHmioatkm of tlic*c processes 
means that' the spedfidty of this homogeneous assay 
depends solely on that of FCR. In the case of pickle-cell 
disease, we have shown that PGR alooc has sufficient DNA 
sequence spedfidty to permit genetic screening. Using 
appropriate amplification conditions, there is bide non- 
spedfic production of dsDNA in the absence of the 
appropriate target alkie. 

The spedfidiy required to detect pathogens can be 
more or less than that required' to do' genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on cdls sontahung at least 
one copy of the target sequence, HIV detection requires 
hoth more spedfidty and the input of mote total 
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nCWt 4 UV photography of PCK tubes containing ampGficCTrom 
using EtBr that *r* specific to wiWUtypc (A) or sidue (S) allda of 
the hvmxa P-globin gene. The ldfto*«ch pair of tubes eantaiftl 
aEele-ipedne primer* to the wild-type afleks, the right tube 
primers to the skWe atWe- The photograph wa* tafceb after 30 
cycles ©f PCR, and the input DMAs una the alkies thev contain 
are mdicated. fifty lag of DNA was used to begin FCR. Typing 
was done in triplicate (3 pair* of FCR?) for each input DNA: 
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R60K S Continuous, real-time monitoring of a FCR. A fiber optic 
washed to carry excitation light tn a PCR m progress and also 
emitted light back to a fhioromctcr (see Experimental P^oaijJ. 
AmpfifiaSon wsingmuman malo-DNA ipcofic pnmen in aPQR 
Starting with SO ng of human nude DNA (top), orm» control 
PCR without DNA (bottom), were, monhorcd. Thuw cydes of 
FCR were followed for each. The temperature Cycled between 
94°C (denaturatiaa) and 60*C (annealing and extension). Note in 
the male DNA FCR,. the cyde (tune) deptaticot increase in 
fluorescence at the arrteaBng/extension temperature. 
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DNA — up to microgram amounts-— in order to have suf- ] 
ficicnt numbers of target sequences. This large amount of 
starting DNA in an amplification sigfiiftcantly increases 
the background fluorescence over which any additional 
fluorescence produced by PGR must be detected. An 
additional complication that occurs whh targets in low 
copy-number is the formation of the "primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete whh 
true PGR targets if those targets are rare. The primer- 
dimer product is of course dsDN A and thu s is- a potential 
source of false signal in this homogeneous assay. 

To increase FCR specificity and reduce the effect of 
primer-dimer amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube', and the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins**. Preliminary results using these ap- 
proaches suggest that primer-dimer is effectively reduced 
and it is possible to detect the increase in Etfir fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* celts. With larger number* of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To. reduce this background, it may 
be possible to use sequence -specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' *add-on" to . 
the oligonucleotide primer*' 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously dining 
ihermocycfing. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysts 
of completed PCRs is alrcadvjpossiblc with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during theiroocyciing by moving 
the rack of PCRs to a 96-microwcH plate fluorescence 
reader* 0 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure S shows that 
the larger the amount of starting target DNA, the sooner 
H ii ring PC.R a fluorescence increase is detected. Prelimi- 
nary experimants <H iguchi and DoUinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known— a* 11 can be in genetic screening— continuous 
monitoring may provide a means of detecting fabc posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles— many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhajition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important In any event, before any test based on this 
principle is ready for the clime, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In Summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hunan HLA-DQk gene aoipK&cnioes cnutaiiuog £*8r. 
PCRs were set up ittlOO |*l volumes containing 10 mM Tris-'HCI, 
pH 8.3; 50 mM KC1; 4 mM MgC^: 2-5 unit* of Toe DNA 
polymerase (FerKiiwElmcr Cctm. Norwalk, CT); 20 piTiolc each 
of human HtA-DQa ' gene specific oligonucleotide primers 
(Hi26 and CH27 W and apprcoomateb/ 10 1 copies of DQa PCR 
product diluted from a previous reaction. Eihidiuoo bromide 
(E( Br; SigtwO was wed at the concentrations .indicated in Figure 
2. Thennocyding proceeded for 20 cycles in a mode! 480 
thennocyder (PerUtv-Elmer Ccw, Norwalk, CT) usii^ -step- 
cycle" program of 94*C for 1 mm. deoaluration and (HrG ■C* 30 
sec anhealmg and 72*C for 30 sec. extension. 

Y-chromossmc specific PCR. PCRs (100 pi total reaction 
volume) containing W» pgAra) EtBr wen: prepared as described 
tor HLA-DQo, except with different primers and target DNAs. 
These PCRs contained 1 5 praole each male DNA-»pecific primes 
YI. J and Vl.2™, and cither 60 ng male, 60 eg female, 2 "g male, 
or no human DNA Thermocyding was WCTor J min. and 6{VC 
for 1 min using a "step-cycle* program. The number of cycles for 
a sample were as indicated in Figure 3. Fluoresce tier measure- 
ment is described below. 

All ck -specific, human p-gtofeia fjeoe FCR. Amplifications of 
100 id velum* using 0 5 jtg/ml of £tBr were prepared as 
described for HLA-DQa above except with different primers 2nd 
target DNAs. These PCRs contained either, primer pair HOPf 
H6 HA (wiW-type globin specific primers) or HCre/Hp" 14S (sk*- 
Ic-gtobin specific primers) at 10 pmole each 1 primer per PCR. 
These primers were developed by Wu ct at 21 . Three different 
tacgei TOJA* were used in separate amplification*— 50 ng each of 
human DNA that was homozygous for the skklc trait <SS), DNA 
that was heterozygous for the sickle W»H (AS), or DNA that was 
bOn«KygO« for die W.l- globm (AA). Thcimocycfing was For SO 
cycles at 94*C for 1 mm. and 55"C tor 1 min. itsm* a "stcjMTCte" 
program. An annealing temperature of55°C bail licen shown by 
Wu et al* J to provide allcle-«pccinc amplification. Coraplc :tea 
PCRs were photographed through a red filter <WraUerr2SA) 
after placing the reaction lube* atop a model TM-96 tmnsiHumi- 
namr (OV-prOduetS SawGabricl, CA)- 

Fluoresccnce measurement. Fluorescence measurements were 
made oh PCRs containing Etflr in a Fluorolog-2 fltioromctcr 
fSPEX. Edison, NJ). Recitation was at the 500 nm band with 
about 2 ntn bandwidth with a OG 435 nm cut-off.fiker <McItes 
Crist. Inc.. Irvine. CA) to delude secwod-order kght. Emnted 
light was detected at 5?0 nm with a bandwidth of about 7 nm. A" 
OG 530 nm cut-off filter was used to remove the ezchadon hgflt. 

ContitKiom nuoreseeiicc monitoring of FCR. Cootmoous 
monitoring of a PCR in progress was accomplished using tnc 
Bpectrofluorometer and settings described above as weU as a 
fiberoptic accessory (SPJEX cat no. 1850) to both send owitatioa 
Rgbt tx>. aod receive emitted Ughf from, a FCR placed m a wcB <fl 
a model 480 thermocyctcr (Pcrkm-Eltner Cetus). The prooe ena 
of the Rberootic cable was attached with "5 mroutc-cpoxy* to the 
open top of a PCR tube (a 0^ ml polypropylene centrifuge Wbe 
whh hs cap removed) effectively scaling ic The exposed top at 
the PCR tube and the end of the fiberoptic cable were slucwea 
from room light and the rOOM light* were kept dimmed doting 
each nip. The monitored PCR was an aopuficaiion of V-cbrt>- 
mosdmc-spedhc repeat sequeucei as described above, except 
using: an anncaKngtextensicfn temperature of 50°C. The reaction 
was covered with mineral oil (2 drops) to prevent cvapdrabOij. 
Tbernjocyding- and fluorescence measurement were started si- 
multaneously. A time-base scan witli a 10 second mtegrahOii tntx 
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v m uted and the emtaston signal was ratioed to (for excitation 
■ugctitl to control for ch»flRW in Ji^rht-iuurcc intenirity. Data were 
<nllccted using the draSWOf, version S.S (SPEX) data system. 
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(LPS) complexed to LPS-Binding-Protein (IBP). The 
concentration of its soluble form is altered under 
certain pathological conditions. There is evidence for 
an Important rote of sCCM4.vvith polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic man\er and is therefore of value in 
monitoring these patients. 
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Assay features: 12x8 determinations 
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2x1 hour incubation, 
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detection limit 1 ng^ml 
CV: intra- and interassay < 8% 
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MUITANEOUS AMPLIFICATION AND DETECTION C 
$PECIH€ DMA SEQUENCES 

Russell HiguchiSC^vwDoJKager 1 , P. Sean Walsh and Robert Griffith 

RoC hc Molecular System*. Inc.. 1400 SSrd St.. Emeryvttk. CA 94C08. 'Chiron Corporation, 1400 SSrd St. Emeryville, CA 
94608. ♦Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits oT PCR 1 w <*»> . 
kal diagnostics are wefl known, 2 -*, it is still not 
widely used in this jetting, even dioughit w 
four years einco thermostable DNA polymer- 
ase** made PCR practical. Some of the reasons for its slow, 
acceptance are high cost, lack of automation of pre, and 
post-PCR processing steps, and false positive resultsjroni 
carryovCT-cOntaminadon. The first, two point* arc related 
in that labor is the largest contributor to cost it the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once tbermocy. 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridiwdon** gel efe^pbomts with or 
without use of restriction digestion 7 ;*. HPLCr, or capillary 
electTophorcsis , °. These methods are labor-intense, have, 
low throughput, and are difficult to automate. The third 
point is aku cbsdy related to downstream processing. 
The handling of the PCR product in these dowrotrcatn 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk of 



'carryover" false positives in subsequent testing , 

These downstream processing steps would be eturtt- 
nated rf specific amplification and detection of amptjfacd 
DNA took place simultaneously within an unopened re- 
action vessel Assays in which such different processes take 
place without. the need to separate reaction components 
have been termed ^'homogeneous". No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
at", developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allrfc^peciflc primers, each with different Buo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still oe 
removed in a downstream process in order to visualize the 
result- Recently, Holland, et al. ,s , developed an as»y_in 
*iiich the endogenous 5' cxOnudease assay of Taq DNA 
polymerase was exploited to cleave a bbefcd^gonudeo- 
tide probe. The probe would only cleave if PCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PfoR 
and PCR product detection based upon tbe gready in- 
creased fluorescence that ethidium broinide and otfter 



DNA binding dyes exhibit when they are bound .tojls- 
DNA' 4 -' 9 . As outlined in Figure 1, a prototype PCR 
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RSKtf I Principle of rimultancoui amplification and detection Of . 
PCR product The components of a PCR cooainh$ EtBr that xn 
euoresoent »re listed— EtBr itself, EtBr bound to other ssDNA or 
dsDN A There is a large fiiwresccncc enhancement when EtBr Is 
bound to DNA and bnvdihg is greatly enhanced when DNA is 
doiible-siTanded. After sumcicnt <n)..cvdcs of PGR. the.net 
increase in dspNA results in addhioaal EtBr binding, and a net 
increase in total fluorescence: 
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axpectad 
product 



Wt J Gel electrophoresis of PCS. amplification products of the 
human, nuclear gene, HLA DQa, made in (he presence of 
incrcsmog amounts of EtBr (up to 8 M-gfall). The presence of 
EtBr has no obvicjj effect on the ykM or specificity of amplifi- 
cation. 
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ROOK % (A) Fluorescence measurement* from PCRs that contain 
0.5 tig/cj EtBr and that are specific for Y-chrotnoJOnoe repeat 
sequence*. Five replicate PCRj «rere begun containing each of <be 
DNA* specified. At each indicated cycle, one of the five replicate 
PCRs for each DNA -was removed from thermocyding and its 
fluorescence measured. Untu of fluorescence are arbitrary. (E) 
UV photography of PCRtube* (0.5 ml Eppcndorf-xtvlc, polypro- 
pylene micro-eentrifuRc lubes) containing reactions, those start- 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A). 



484 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs. and DNA polymerase; An' amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, front single-cell amounts of DNA ,T to 
micrograms per PCR* 8 . If EtBr is present, the reagents 
that will fluoresce, in order of increasing' fluorescence, are 
free EtBr itself, and EtBr bound to the singk-stranded 
DNA primers and to the double-stranded target DNA (by- 
its intercalation between the stacked bases of the DNA 
doublc-hchx). After the first denatutation cyde, target 
DNA will be largely single-stranded. After a PCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA, resulting id an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is smalL The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PCR in the presence of EtBr. In order to' assess the 
affect of EtBr in PGR, amplifications of the human HI.A 
DQa gene" were performed with the dye present at 
concentrations from 0.06 to 8.0 M-grtnl (a typical concen- 
tration of EtBr used in staining of nucleic acids following 
get electrophoresis is 0.5 \Lgtmt). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR. 

Detection of human Y-chromownmj specific at- 
unences- Sequence -specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a series of 
amplifications containing 0.5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y -chromosome^. These PCRs initially contained either 
60 ng male. 60 tig female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0. 
17, 21 , 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermocyder, and its fluo- 
rescence measured in a spectrofiuoro me ter and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number. 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis on the products of these 
amplifications showed that DNA fragments of the ex- 
pected sue were made in the male DNA containing 
reactions and that lk lie DNA synthesis took place in the 
control samples. 

in addition, the increase in fluorescence v-" 3 * visualized 
by simply laying the completed, unopened PCRs on a UV 
transflhiminatOT and photographing them through a red' 
filter. This is shown in figure SB for the reactions thai 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alkies of the human fl-globin 
gene. In order to demonstrate that this approach has 
adequate spedfidty to allow genetic screening, a dttccuon 
of die sickle -cell anemia mutation was performed. Figure 
4 shows the fluorescence from completed amplications 

containing EtBr (0.5 Kg/ml) a« detected by photography 
of the reaction tubes on a UV crantilluminator. These 
reactions were performed using- primers specific for ci- 
ther the. wild -type or sickle-cell mutation of the human 
B^globin gene . The sr^ceiheity for each allele is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus an> 
purkation— can take place only if the S' nucleotide of the 
primer is complementary to the p-globin allele present* • 
Each nair of iaropiSncations shown in Figure 4 consists of 
a reaction with either the wiM-typc allele spedhc (left 
tube) or stckle-allele spedhc (right tube) primers. Three 
different DNAs. were typed: DNA from a homozygous, 
wild-type B-globin individual (AA); from a heterozygous 
sickle p~gfobin individual (AS); and from a homozygous 
sickle p-globjo individual (SS). Each DNA (50 ng genontic 
DNA to start each PGR) was analyzed in triplicate (3 pain 



PAGE 3/6 * RCVD AT 7/19/2004 3:10:03 PM [Pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6638 * CSID:6509S2 9881 1 DURATION (mm-ss):04-46 



JUL- 19-2004 13:51 FROM:GENENTI 



# 



■cGftL 650 952 9881 



1246638 



P:4' 




-f reactions each). The DNA .type -was reflected in the 
Ljative fluorescence intensities in each pair of completed 
Jollifications. There was a significant increase in fluores. 
jcftcc only where a f>globin allele DNA matched the 
prime *«. When measured on a spcctrofltiorometcr 
Ejata n ot shown), this fluorescence was about three times 
JjrtLt present in a PCR -where both f>globni alkies were 
mismatched to the primer set. Gel efcetrophoresis (not 
-kown) established that this increase in fluorescence ws 
due w *e synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^lobin. There was 
litdc synthesis of dsDNA in reactions in. which the afiefe- 
specific primer was mismatched to both alleks. 

Courlnvous roooitorrog of a PGR. Using a fiber optk 
dcvk»r>i » possible to direct excitation illumination from 
j, spectrofluorometer to a PCR undergoing thcrmocycling 
and to return its fluorescence to the sp«ctrofluororoetcr. 
The fluorescence readout of such an arrangement, at- 
tested at an EtBr-concaintng amplification of Y-chromo 
some speci6c sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control PCR 
^hb no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fhiorcsccnce trace as a function of time dearly 
diows the effect of the thennocyding. Fluorescence inten- 
sity rises and falls inversely with temperature The fluo- 
rescence intensity is minimum at the denatuxalion lem? 
perature (M"C) and maximum at the anneaUng/extemton 
temperature (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcrmocycks, indicating that there is 
Bttle dsDNA synthesis without the appropriate target 
DNA, and there is little if any WesKtfung of E*Br during 
the continuous fllumiriation Of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds' of thetroocyding, and 
continue to increase whh time, indicating that dsDNA is 
being produced at a detectable level Note that the fluo- 
rescence minima at the denacuiatioo temperature do not 
aignificandy increase, presumably because al this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluores-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected siie for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridisation to a se- 
quence-spedfic probe can enhance the spedfidty of DNA 
deceuivu by FCR. The cHririDatk>n of thcac processes- 
means that' the specificity of this homogeneous assay 
depends solely on thai of PCR. In the case of sickle-cell 
disease, we have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
spedfic production of dsDNA in the absence of die 
Appropriate target aikle. 

The spedfidty required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. Compared with genetic 
screening, which is performed on reus containing at least 
one copy of die target sequence, HIV detection requires 
both more specificity and the input of more total 
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TCtfftt 4 UV photography of PCR tubes containine tunpWk*uoju 
using EtBr thM art specific to wiM-typc (A) or *icw« CS) alkies of 
the human p-gtobin gene. The left of each pair of tubes contains 
aBek-spedfic primers to the wild-type afleks. the right tube 
crimen to the sicWe afiek- The photograph was taken after 30 
cycles of PCR, and the input DN As and the alkies 4n contain 
arc indicated. Fifty tag of DNA was used to begin PGR. Typing 
was done in triplicate ($ pain OF PCRs) for cadi input DNA. 
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mVKt S Continuous, rca Wme monitoring of a PCRAfiba ^optk 
was <wcd to cany excitation light tn a FUR m ]^?^ 
emitted light back to a Buorometcr (see Experimental mtcrcol). 
AnipfificaBomMiag human malo-DNA spcobc pnmen in a PCR 
statfcnjr with 20 ng of human male DNA (<°9h™ '» * 
PCR without DNA flwtwm), were monitored. Thuty cyd« of 
PCR were followed for each. The temperature Cycled hjween 
94*C (denaturancai) and 50*C (annealing and extension). Note m 
the male DNA PCR,. the cycle M depertlcot moose in 
fluoretccncc at the auoeaBttg/exteDsion temperature. 
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DNA— up to microgram amounts— in order to have suf- 
ficient numbers of target sequences. This large amount of 
.starting DNA m an amplification stgnitkandy increases 
the background fluorescence over which any additional 
fluorescence produced by PGR- must be detected. An 
additional complication that occurs with targets irt tow 
copy-number is the formation of the 'primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer a; a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete whh 
true PCR targets if those targets are rare. The primer- 
dimer product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimer ampUfrcanon, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube*, and the 
Tiot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins'*. Preliminary results using these ap- 
proaches suggest that prioncr-duTOCT is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* cells. With larger number* of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add -on" to . 
the oligonucleotide primer*" 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysts 
of completed PCRs is already possible with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during rhermocyciiug by moving 
the rack of PCRs to a 96-rnicrowcll plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and DoUinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screening— continuous 
monitoring may provide a means pf detecting fabc posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example, inhibition of DNA polymer* 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles — many more than arc necessary to detect a true 



positive- If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
to this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based On this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obcained'using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon , binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upcm this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples- 

EXPGRIMENTAL PROTOCOL 

Hunan HLA-DOn gene amplifications containing EtBr. 
PCRs were set up in 100 pi volumes containing 10 mM Tris-'HCI, 
pH 8.3; 50 mM K.C1; 4 mM MgCV *-» of Ta % DNA 
polymerase (Perltm-EJmer Genu, Norwalk, CT); 20 pmdle _ cacti 
of human HtA-OQa ' gene specific oligonucleotide primers 
GH26 and CH27 19 and approodmately 10 1 copies of DQa PCR 
product diluted from a previous i-eadkm. EthWium bromide 
(EtBr; Sigma} was used at the concentrations indicated in Figure 
2. Thennocyding proceeded for 20 cycles in a model 4*0 
Chcniwcydcr (Perkin-Eliuer Cccux, Norwalk, CT) uanga -step- 
cycle" program of 94*C for 1 min. desalination and 6<rO for 30 
sec antwaBng and 72°C for 30 tec extension. 

Y-chromosomc specific PCR. PCRs (200 ul total reaction 
volume) containing 0.5 pg/ral EtBr were prepared as described 
for HLA-DQo, except with different, primers and target DNAs. 
These PCRs contained 1 5 prook each male DNA-»pccine primers 
VI. 1 and V 1.2 40 , and either 60 ng male, 00 Ogferrate, 2 ng male, 
or no human DNA. Thermocyciing was WC tor 1 min. and 6&"C 
for I min using a "step-cycle* program. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. _ , 

Allcic-specific, human B-glohin gw* PGR. Amplifications of 
100 pi volume' using 0 5 PfiAnl of BtBr were prepared w 
described for HLA-DQa above except with different primers and 
target DNAs. These PCRs contained either, primer pair HGPi' 
H614A <wBd-trpe globinspedfic primers) or HGF2/Hpl-tS (sick- 
le-riobin specific primers) at 10 pmole each primer per PCR. 
These primers wire de»eh>ped by Wu ct aL". Three different 
target IjNAs were used m separate amplificatk>nsr-60 ng each of 
human DNA that was homozygous for the rickk trait (5S). DMA 
that was heterorygous for the sickle trait (AS), or DNA that was 
homozygous for UK w.t- elobin (AA). ThcrmncycBng was For 30 
cycles at 94X1 for 1 min. and 55«C for 1 min. using a "stc&cycte 
program. An annealing temperature of55°C Hail hcen shown try 
Wu et al*' to provide, allcte-spcrine aimplifieatton. Completed 
PCR* were photographed through a red fiter (Wratte«_23A) 
after placing the reaction tube* (Uop a model TM-S6 transtHumi- 
nator (UV-producu San Gabriel, CA). 

Fluorescence measnranent. Fluorescence measurements were 
made oh PCRs containing EtBr in a FIuotoIob-2 flooromettr 
(SPEX. Edison, NJ)- Excitation was at the 500 nra band with 
ihour 2 nm bandwidth with X GG 43S nm cut^jff fiUerjMrlto 
Crist. Inc.. Irvine. CA) to exclude second-order light. Emitted 
light wa* detected at 570 nm with a bandwidth ©f about 7 ftm. An 
OO 530 »m cut-off fiherwas used to remove the excitation hgnt- 
CantftHMu* flnorescence monitoring of PCR, Co»nni>ou* 
monitoring of a PCR in progress was accomplished using ac 
spectrofluorometer and settings described above as well as a 
fiberoptic accessory (SPEX cat. no. 1950) to both send excrtauoa 
fight to. and receive emitted light from, a KR placed m a well <fl 
a model 480 thoirwcyclcr (Fcrkhv-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 owutc-cpoxy" w> the 
open top of a PCR tube (a 0.5 ml polypropylene centrifuge WW 
with its tap removed) effectively scaling it. The exposed top « 
the PCR tube and the cod of the fiberoptic caMc were dueUoa 
from room light and the room lights were kept dimmed during 
each mn- The rnonitx>red PCR was an amplification of y-cort)- 
roosome-cpedfk repeat sequeuca as described above, except 
usirjgan anncaKngfectension teroperauirc of SVC The reaCOOn 
was covered with imuseral oil (2 drops) to prevent evaporation- 
TrKrroocvding and fluorescence rocasucement verc started si- 
multaneously. A time-base scan, witfc a 10 second kitegrahoo tunc 
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wSJ used and the emission signal was ratioed to tbc excitation 
nW*d to control for changes in li^ht-iourcc intenjrity. Data were 
fleeted using the drnSOOOf, version 2.5 (SPEX) data system. 

y/t than* Bob Jones for help with the spectrofluormctric 
m «i«»f«ii>'M'U* and Hcalhcrbcll Fong for editing this manuscript. 
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SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membran&- 
bound CD-14 is a receptor for lipopotysaccharide 
(LPS) complexed to LPS-8inding-Protein (LBP). The 
concentration of Its soluble form is altered under 
certain pathological conditions. There is evidence for 
an important rate of sCD-14.with pofytrauma. sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic mar^srand is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit 1 ng/ml 
CV:intra- and interassay < 8% 



for more information cafi or fax. 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marnwo, William Giusti, and Karin Deetz 
I'crldn-Ehncr, Applied litosystcnu Division, Hosier City, California 94404 
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; The 5' xucleai* PCR auijr datsetx the 

'. accumulation of specific PCR produdl 
1 by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The prob« It an oligonucleotide with 
' both a reporter fl uorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and h«» 
< been cleaved by the 5'— +J' nucle- 
o lytic activity of Taq DNA polymerase. 
In this study, probes with the 
• quencher ilyo attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3'-end nucleotide.. In all 
1 eases, the reporter dye was attached 
to the $' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3'-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otide* with reporter and quencher 
dyes attached at opposite ends can 
be used as' homogeneous hybridlza- 



homogeneous assay for detecting 
tin- mvuifiuiatiou of specific I'CR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Leu et al. 0> 
The assay exploits the 5' • > 3' nude, 
olytlc acUvlty of 'taq UNA poly- 
mcmae' 7 ^ 1 and Is diagramed In l'lgure 1 . 
The- fluoiogeniu iiitjliti t ourists of an oli- 
gonucleotide willi u reporter fluorescent 
dye, .imli as a fluorescein, attached To 
die 5' end; and u quencher dye, such as a 
rhodamine, attached internally, When 
the fluorescein (s excited by Irradiation, 
lis fluorescent omission will he 
quenched if the iliodamiiie Is clu.se 
enough to be excited through the pro- 
cess of Qu£irescciu.v energy transler 
OKI)/ 1 " During PCR, if the probe is hy- 
bridized to a template sliitml, Taq DNA 
polymerase will cleave the probe be- 
cause of its Inherent fl' 3' nueleolytlc 
activity. If the cleavage occurs between 
UlC fluorescein and rhOdamlnc dyes, it 
causes an increase in flunicscvin fluores- 
cunce intrnslty because the fluorescein 
is tiu longer quenched. The Increase in 
fluorescein fluorescence Intensity indi- 
cates tliul the probc-speciflc I'CR product 
has binui generated. Thus, PET between <i 
ic|kji lei dye and a quencher dye Is criti- 
cal to the performance of llir. piube In 
the 5' uuileuM: PCR avsay. 

Quenching is completely dependent 
on the physical proximity a! \hv two 
dyes.*'"' Because of this, ll bus Ik.uh as- 
sumed thai the quencher dye must be 
attached neat the 5' end. Surprisingly, 
w«f have found (hat attaching a rho- 
daiiiinc dye at the 3' cud of a piolre 



PCn assay, llirllicirinort', cleavage of this 

type of probe is not required to achieve, 
some reduction In quenching.. Oligonu- 
cleotides with a reporter dye on the V 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when douDic-straiiueci as com- 
pared with single-stranded. Tin's should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic add nynridizarlon. 



MATERIALS AND METHODS 

Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
Study. Linker arm nucleotide (LAN) 
phosphoramidlie was obtained from 
GJcn Research. The standard DNA plios- 
phoramiditcs, 6-carboxyfluorcsccln (6- 
FAM) phosphoramldite, fi-carooxytet> 
rarnethylrhodamine sucunlmldyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a :t'-blocking phosphate, 
were obtained liom Parkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
AB1 model 394 Tjna synthesiser (Applied 
Biosystems). Vrirner and complement 
ollgonutlenndes were purl tied using 
Ollgu rurifn-alion Cartridges (Applied 
Biosystems). Doublc-lalK-.lr.U probes were 
.-iyinlioir.cd with o-PAM-labeled phov. 
plujiauiiililc at the fl' ur>d, IAN replacing 
din: of the Ts In the sequence, and I'hos- 
phalink i>i the 3' end. Following de- 
piottxtloii ami rtlioriol precipitation, 
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Prirnar 



5"» 

3'- 



Cleavage 



5-« 

r- 



Polymerization completed 



3" 
■5' 



FICURt 1 Diagram of 5' nuclease assay. Stepwise representation of me S' -» 3' micleolytic ac- 
tivity of Taq UNA polymerase acting on & fluoruKcnic protiv during one extension phase (if I'CIK. 



mM Na-blcart'Onntc buffer (pli 9.0) at 
room temperature. Unrcaclcd dye was 

iciuuvtrj by p<uMge over a I'D-10 Scplio- 

dcx column. Finally, the double-labeled 
pr»t>c was purified by preparative high- 
performance liuuld chromatography 
(IJPU!) using an Aquapotc C K 220x4.6- 
mm column with 7-nm particle sisc. The 
column wu developed with a 24-nihi 
linear gradient of 8-20% ucctonltrlU,- in 
0.1 m TEAA (trivthylamine acetate). 
1'robes are named try designating the se- 
quence from Tabic 1 and the position of 
the 1AN-TAMRA moiety. I'or example, 
probe Al-7 has sequence Al with f-AN- 
TAMKA at nucleotide pavilion 7 from the 
.Send. 



PCR Sjnicim 

All PCR amplifications were pcriormed 
in the Pcrkin-Elmer CcncAmp PCR Sys- 
tem 9600 using !>0-»jJ reactions thai con- 
tained 10 mM Tris-HCJ (p]J 8.3), SO ium 
KCI, 200 u.m d/VlT, 200 u.m dClV, ZOO |XM 
dfiTP, 400 um dUTP, 0.5 unit of AuipEr- 
ase uracil N-glycosylase (Perkln-EJmer), 



gene (nucleotides 2141-2435 in the se- 
quence of Nakailma-ll|lma et al.) 171 was 
amplified using piimers AI'P and Alt? 

(Table 1), which are modified slightly 
from those of du Brcull cl al. <m Actln am- 
plification reactions contained 4 niM 
MgC!| a , 20 ng of human genomic J*NA, 
SO nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was S0°G 
(fi mln), 9S"C (10 mln), 40 cycles of PSt 
(20 sec), GCPC (1 mln), and hold ot 72°C. 
A Sl.S-Dp segment was amplified from tt 
plasmid that consists c»i a segment ol X 
DNA (nucleotides 32,r».0-3?.,747) in- 
serted in the Srrtol site of vector pUCl 19. 
These reactions mjiiUiIiiihI H„S him 
Mj;< :|], Ingof plusmld DNA, SO riM P2 or 
PS.probc, 200 nM primer P119, arid 200 
iim primer R119. The thermal rcffJmen 
was S0*C (2 mln), !>5*C (10 mln), 25 cy. 
clci Of 5>5"C (20 sec), 57%: (1 mln), pnd 
hold at 72 6 C. 



Fluorrscenct! Dotectlnn 

Kor each amplification reaction, a 40-nl 
aliquot of a sample was transferred to an 
Individual well of a white, 06.w«ll micro, 
titer plate (l'erkin-lilmer). Fluorescence 
was measured on the i'crlcln-Eiroer Taq- 
Man LS-SOU System, which consists of a 
luminescence «poctromctc-r with plalc 
reader assembly, a, 4ft5-nm excitation fll-. 
ter, and a MS-nm emission filler. Ibcelta. 
Hon was at 488 ran uslnj; a ,1-nm silt 
width. Emission was measured at S18 

•nm for 6-1'AM (the reporter or U value) 
and />ft2 nm for TAMIlA (the quencher or 
Q value) using a 10-nm silt width. To 
determine the Increase in lepoitei emis- 
sion (hat Is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission dala. 
first, emission Intensity of a buffet blank 
Is subtracted for each wavelength. Sec- 
ond, emission Intensity of the reporter h 



TABLE 1 


Sequences of Oligonucleotides 




Name 


Type 


Sequent?. 


HI 19 


primer 


ACCCACAGfiAACTCAlCACCAC-rc: 


K119 


prlmvT 


ATcrrcuctjrrcccrGcrrcArxriTcicir 


P3 


.probe. 


iCGCATXACIOAI'CCITXJCtJAACCACTp 


P2C 


_ complement 


CTACl'fJ CTrUOCAACGATCAOTAATG CfiATC 


PS 


probe 


COOAlTlGCTCjCrrArcrAlX^CAACCATp 


rsc 


eornplcmviit 


n'C^TCCTrCTX^TACAlACX^OCAMICXC 


AW 


primer 


TCACCCACACrGTGCCCATCTACOA 


ARr 


primer 


CACi CUUAAC A X JC1 C AITCKXVVATOU 


A1 


probe 


ATGCCCrCCCCCATG CCAICCTtrCOTp 


Alf. 


complement 


A7L\ct:tiAtft:A'ix:(itJvix:t;c:(.:r:At:t;7KUTAC 


A3 


probe 


CGCCCTGGACTrCCAGCAACACArji 


A3t^ 


complement 


Ct^TCTCTTOCrCflAAGTCX^AGGttCCiAC 



Tor each ollfjonuflcoritlc used In this study, the nucleic add sequence Is given, wiltten in trie 
S' > 3' dirvvtioii. There are lhr«r types of oligonucleotides: TCR primer, fluorogenlc probe used 
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A1-2 RAQ(jf:f.rri<. , rr^^cA.'rci^A'JCCTCCCTu 

A1-7 RA.TCKTC<r<SceW»TW<. , A-lxxr)'r.x.x,-it' 

A1-14 X*A'J<l<.-Om«CCCCJv6cCCA , l'C«X!CtrtV 

A1 -22 RAWcvvivvvtvMvetwjwftcxc-Jtj 

A1-S6 Jiw<:cC&^e£ttM<>(:<:Ki<X.'rec<.-Q i > 



Prob» 


B18 nm 


682 nm 


no- 


RQ ' 


ARO 




IWl tMHp. 


« «*i*lr>. 


no t»mf>. 


« (*mp. 








ALS - 


28 SI 2.1 


32.7 i 1.0 


3&2 it 9.0 


39.2 J 2.0 


0£7 i 0.01 


o.eo i oac 


0.10 J o.oc 


ALT 


B3.8 4«.a 


306.1 si '21.4 


108.5 » 64 


110.3 *S.3 


040*0.03 


3.S6»6.17 


3j00*0.l(k 


AM 4 


127.0* 4.0 


403.3* 19.1 


109.T1S.3 


03.1 i S.3 


1.(810.03 


4.34i0.IS 


3.(84 0.15 


A1-19 


1B7.5* i».e 


«5».rj 7.7 


70 J * 7.4 


73.01 9,0 


3.57 3 O.OS 


6.00 4 0.IC 


3,131 CIS 


A1-22 


224.0 i 0.4 


4SC,l! ± 53.8 


100.0 i 5.0 




C.2S 1 0.03 


S.CG 10.11 


C77 10.12 


A1-26 


1602 J 0.3 


464.1 1 1B.4 


aa.1 *Si.4 


w./ ± ».« 


1.«i±0.Oi£ 


b.UI 1 U.UB 





FIGURE 2 Rnulli of 5' uuclrair nwy ..mi|>arli\£ p-aelln pfobcl with TAMRA (it different nude 
otlile positions. As doscrltwd In Materials and Methods, if "Jt amplifications containing the In- 
dicated probes were performed, and the fluorescence emission was measured »t 518 arid 562 nm. 
Reported value* are the avcragc±l s.Oi for six reactions run without added template (no temp.) 
anil six reactions run with template ( i tcnip.). The RQ failo was calculated for each individual 
reaction and averaged to give the reportecTRQ" and HQ 1 values. 



divided by the emission intensity of (he 
quencher to give an . RQ ratio for each 
reaction mbc. Tills normalizes for wcll- 
to-well variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, arq is calculated by subtracting 
the KQ value of the no-template uontro) 
(RQ") from the KQ value. ii>r the win- 
plcic reaction including template 
(RQ ' ). 

RESULTS 

a series of probes with increasing dis- 
tances Derween the fluorescein ruportei 
ami rhodamlne quencher were twtvd to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease l'CR as- 
say. Tnese probes hybridize to a target 



.sequence in the human U-octin gene.. 
Plguic 2 shows the results of an experi- 
ment in which these- probes were In- 
cluded in l'CR thai amplified a segment 
of the p-iii1lii K<iiir containing the Ulgct 
sequence-- IVifwiiimnce la the 5' nu- 
clease l'CR assay is monitored Iry Hie 
magnitude of AkQ, which Is- a measure 
of the Increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al -2 has « ARQ value 
that Is close to rem. Indicating that the 
probe was noi cleaved appreciably dur- 
ing the amplification reaction. This Sug- 
gest* that With the quencher dye on tile 
secund nucleotide, from the 5' end, there 
Is insufficient mum Jim 7uif polymerase 
to cleave efficiently between the reporter 
and qucneliei. The other five probes ex- 
hibited comparable. AKQ. values lhal ate 



clearly diffcrcnl from zero- Thus, all five 
probes arr being cleaved during WM am- 
plification resulting id a similar Increase 
111 icporter fluorescence. K should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
In Plgute 2 (data not shown). Thus, even 
In reactions where amplification occurs, 
the majority of probe molecules remain 
unclcavcd. It is mainly Tor this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes HHlc with 
amplification of ihc targei. This Is whal 

allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
molnly on the quenching efficiency in- 
herent in the. specific. .structure ol the 
probe and the purity of the oligonucle- 
otide. Thus, the larger UQ" values Indi- 
cate that proDes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7, Sllll. the degree 
of quenching Is sufficient to detect a 
highly significant Increase In reporter 
fluorescence when eocli of these -probes 
ia cleaved, during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench fi-PAM 
on the 5' end, three additional pain of 
probes were tested in the 5' nuclease 
PCR assay. Fot eaeli pair, one probe has 
TAMRA attached to nn internal nude- 
ullde and Die otliei has TAMRA allachcd 
rt> the y end nucleotide. The results arc 
shown In Table 2. ^or all three sets, the 
probe with the 'i' quencher exhibits u 
&RQ value thai is considerably liighei 
than for the probe with the Internal 
quencher, The RQ' values suggest Ihnl 
differences In quenching arc not as grnut 
as those observed with some of the Al 
probes. These results demonstrate Ihot 0 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



A'.: 



ihe 

tht- 

tu. 



TABLE 2 Results of S' Nuclease Assay Comparing l^obcs wltli TAMRA Attached to an Internal or 3' -terminal Nucleotide 

.SR2 nm 



418 nm 



Probe. 


no temp. 


+ temp. 


IHI U.-Uip. 


+ temp. 


HQ 


RQ' 


4KQ 


A3-6 
A3-24 


S4.6 i 3.2 
72.1 J- 2.9 


84.8 i :i.7 
236.5 a. 11.1 


116.2 i 6.4 
R4.2 * 4.0 


n.s.b j. 2.5 
90.2 3.8 


0,47 2. (1.02 
0.86 -J- 0.02 


0.73 a O.OS 
2.62 i O.0J 


0.2O i 0.04 
1.76 ± 0.0S 


1*2-7 
^7 


82.8 3. 4.4 
113.4 =: 6.6 


384.0 ± 34.1 
5.SS.4 4 14.1 


lOi.J X 6.4 
140.7 + 8.S 


120.4 * 10.2 
118.7 3:4.8 


0.79 'I 0,02 

aai ± f».or 


3.19 * 0.16 
4.68 ±0.10 


2.40 i< 0.1C 
3,88 r 0.10 


l'S-10 
P5-28 


77.5 ± 6-S 
64.0 ± S.2 


244.4 x 15.9 
333.6 ± 12.1 


86.7 £ 4.3 
100.6 4 6.1 


9S.8 * 6.7 
94.7 2 6.3 


0.89 s 0.0S 
0.63 ± 0.02 


2.55 f. 0.06 
3.53 4 0.12 


1.66 x 0.08 
2.89 i 0.13 



no® 



• nerformcd as described In Malcrlol «"J Mctlsods «nd in the legend to fig. 2. 
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fluoresr^nrr r»f a reporter dye on the S* 
cml. The degree of quenching is Suffi- 
cient fur llliu type of oligonucleotide U> 

be used «s a prob4 in the .V nuclease- PCR 
assay. 

To test the hypothesis that oucnrhing 
by a .1' 'i'AMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
nicaiuiaO fur probes In the Single- 
stranded and double stranded states. To- 
hie ;t reports Oiu fluorescence observed 
at S18 and S82 iim. The relative degree 
of quenching Is assessed by calculating 
the. RQ ratio, tar probes With TAMRA 
nucleotides from the S' en J, there 
Is little difference In the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides, The resulls 
for prohes with TAMRA o( the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic Increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double- 
Stranded l>NA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there Is a marked Mg 2 ' effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 ■* concentra- 
tion. With TAMRA attached near the 5' 
end (prohe A 1-2 or Al-7), the RQ value at 
0 niM Mg 2, is only Slightly higher than 
RQ at 10 inw Mr* ' . l'or probes A1.19, 
Al-22. and Al-26, the RQ values at 0 mu 
Mg" are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, then: Is a marked de- 
crease in Kti al 1 mi* Mg'' ' followed by 
u gradual decline as the Mg* 1 tunccn- 
rrution increase* to 10 niM. I'lubc Al-14 
shows an intermediate RQ value at 0 mM 
Mg 7< with a gradual decline at hlgncr 

Mr 7 -' 1 cOiKcnliatlmis. In a low-sail en- 
vironment with no Mg 1 * present, a sin- 
gle-stranded oligonucleotide Would be 
expected to adopt ah extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg** Ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the A' end is close to the ,V end. There- 
fore, the observed Mg 2 ' effects suppon 
the notion that quenching of a 5' re* 
porler dye by TAMRA at or near the 3' 
end depends on the flexibility of the. oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the riiodamlne dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench (he fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the S' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must he able to adopt conforma- 
tions where the 'I'AMRA Is close to rhe. 5* 
end. It should be noted that the decay of 
6-1'AM In the excited state requires a cer- 
tain Amount of time. Therefore, what 



TABIC 3 Comparison of PUjnrcAMiKc F.mi>»iuiis o/ .Slnglc-strandCd and 
Douhle-*ir«ndcd FluorogenJc ftobes 



S18nm 



587. nm 



RQ 





it 


ds 


»j 


U$ 


ii 


<ls 


Al-7 


27.75 


68..S3 


61.08 


13R.18 


OAS 


11.50 


A 1-26 


43.31 


509.38 


53 JO 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


16S.57 


0.43 


0.38 


A.1-24 


30.05 


578.(54 


67.7?. 


140.25 


0.45 


3.21 


T2-7 


35.02 


70. n 


54.63 


121.09 


0.64 


0.58 


T2-27 


39.89 


320.47 


66,10 


61.13 


0.61 


SJ25 


l'S-10 


27.:>4 


144.85 


01,95 


165.54 


<M4 


U.H7 


PS:2n 


33.65 


4<S2.29 


74.3* 


104.4-1 


0.4<S 


4.43 



(»») Single-stranded. Ihe fluorescence emissions at 518 or 582 nin for solutions containing a final 
concentration of SO nu indicated probe, 10 mu Tris-I ICI (pH 8,3). SO mm KCI. and 10 niM MgCI;,. 
(ds) Double-strandmi. Trw solutions contained, In addition, 100 iim AlC for probes Al-7 and 
A'l-26. 100 rut A3C for probes A3-6 and A3-24. 100 HM l'2C I for prnlw* FZ-7 and l*Z-?.7, or 100 nM 
PSC /or probes PS-IOand i-s-att. ttcforc inc. addition of Mc(,|„ 120 nl of tacli auunilc was lieatcil 



matters for quenching Is not tlie average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get lo 
6- HAM during die lifenme of the 6-FAM 
excited state. As long as the decay time nf 
the excited stale is relatively long- coin- 
pared witn the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the .V 
end, or any other position, can quench 
6-FAM at the V end because TAMRA Is in 
proximity to fi-FAM often enough lo be 
able to accept energy transfer from an 
excited G-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and PS-28 to their comple- 
mentary strands nor only causes a large 
increase in 6-FAM fluorescence at 51ii 
run but also causes a modest Increase in 
'i'AMRA fluorescence at 582 nm. II 
Tamra Is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease In the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA In- 
creases indicates that rhe. situation Is 
mote complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially (.;, quench 
the fluorescence of both 6-FAM and 
TAMRA (n some degree. When double- 
stranded, basc-palrlng may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an Intact probe is the TAMRA 
dye. Kvidence fox die important* of 
TAMRA is that o KAM flu«ms,a:nce 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in tile S' nuclease l'CR assay (data not 
shown). .Secondary effectors of fluores- 
cence, both before and afiei cleavage of 
the probe, need to be explored further. 

Kegaidless of the physical mecha- 
nism, the relative Independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe In tlic 
5' nuclease PCtt assay. The first factor Is 
the degree of quenching observed In the 
intact probe. Tills Is characterized by the 
value of RQ' , which is the ratio of re- 
porter to quencher fluorescent cmis 
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FIGURE 3 Klf*el <.f Ms*' eoilcentrilion on RQ ratio for the Al aeries of probes. The fluorescence 
emission Intensity al 518 and 582 nm was mcasural for sidutlomumuimiig 50 nM probe, 10 mM 
Trls-HC) (pH 6.3), 50 mM KCI. »nrl varying amounts (0-10 n\M) of MgCl a . The calculated HQ 
ratios (518 nm Intensity divided ny .SRZnni iiitt'iiNiiy) air plot lit) vs. MgOa concentration (mM 

MkI. TIik ktiy {uyjmi tiglil) *linwa lliu |jhjI)v* CAaiuiuinl. 



dyes used, spacing be.twe.en reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulliei factors dial reduce flexibility uf 
the oligonucleotide, and purity of the 
probe. The second factor is the. efficiency 
tif liyhiidiioaiioii, which depends on 
probe r m , peesence of secondary Mruc- 
turc In probe ot template, annealing 
temperature, and other reaction condi- 
tions. The third factor Is the efficiency ot 
' which Tag DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. Tills cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in Hie 
segment between reporter and quencher 
dyes drastically reduce the cleavage, of 
probe.' 1 ' 

The rise in RQ' values for the Al se- 
rics of probes seems to indicate that the 
degree of quenching Is reduced some- 
what as the quencher is placed toward 
the 3' end. Ihe lowest apparent quench- 
ins ls observed for probe Air] 9 (see Fig. 
3) rather than for the probe where the 
TAMRA ls at the. JT end (Ai-Zo). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an Internal position. Jn effect, a 
quencher at the 3' end Is freer to adopt 
conformations closv to the S' reporter 
dye than . Is an internally placed 



probes, the interpretation of RQ values 
is less clenr-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc having a larger RQ " than the in- 
ternal TAMRA probe. For the P2 pah, 
lx>th probes have about the same RQ ' 

value. Por the PS probes, the RQ for the 
3' probe, is less than for the Internally 
labeled probe. Another factor that may 

explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPl.C puiified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on. RQ . 

Although there may be a modes! el- 
fcc:i on degree of quenching, the posi- 
tion of the quencher apparently urn 
have a large effeel on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide tedui.es the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. Tills Is explained 
most easily by assuming that piobes 
with TAMRA at the 3' end are more likely 
to be cleaved iHrtween icpotlei and 
quencher than arc probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ docs 
not Increase when the quencner is 
nUrmt rintpr to thf ,V end. This illus- 



trates the importance nf being ahlr to 
use probes with a quencher on the V 
end in the S' nuclease PCU assay. In this 
assay, sn increase In the intensity of re- 
porter fluorescence is observed only 
whim the probe is cleaved between iltc 
reporter and quencher dyes. By placing 
till' luporlur and quuncliui dyes oil the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher Is mtuelied 
to an luiurnal iiuvJcolldu, soinutlmes Uiu 
piube works well (Al-7) arid other times 

not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe It being cleaved 3' to 
the quencher rttthor than between lite 
n>pnrt«»r and quencher. Therefore, the 
best chance of having a probe that rcli- 
ubly detects accumulation of PGR prod- 
uct in the V nuclease t'CR assay is to use 
a probo wirh the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit In 
terms of hybridization efficiency. 'Hie 
presence of a quencher attached to an 
Internal nucleotide miglil be expected to 
disrupt base-pairing and reduce the T m 
of a probe, in fact, a TWXl rvwu-.ilun 
In T m hnj been observed for Iwo probes 

Willi ijlleiiially allndied TAMKAs.''" This 
disruptive effect would be minimized by 
placing the quencher at lite 3' end. Thus, 
prohej with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
(hull probes with interna] qucnchei*. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more lolecani of mismatches be- 
tween probe and target as compared 
wtlli internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCK-amplificd products 
from sample* uf different species. Also, ll 
mean's that cleavage ot probe during l'CR 
Is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. 'I he one application where 
tolerance of mismatches may be- a disad- 
vantage is for allelic discrimination. Ijic 
et al. p> demonstrated that allele-spedflc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
&FS0B mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kffcet of Mg 6 ' concentration on RQ ratio for the A3 series of probes. The ftuorescuiict! 
emlssiun intensity al M 8 and 582 nm was measured (or solutions containing SO iim probe, 10 mM 
Tris-HCl (pH 8.3), 50 n>M KCJ, and varying amounts (0 10 mM) of MgCI». The calculated RQ 
ratios (sis nm Intensity divided t>y shz n»i intensity) are plotted vs. MgOj concentration (him 
Mg). The key (upper right) shews the probes examined 
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dyes used, spacing between reporter and 
quencher dyes, nucleotide sequent:*; 
context effects, presence ot structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second ractor is trie efficiency 
of hybridization, which depends on 
probe ?' m , presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third ractor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template, as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically rexluce the cleavage of 
prohe. (l> 

't he rise in RQ values for the Al so 
ties of probes .seems to Indicate that the 
degree of quenching is reduced . some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe A 1-1 9 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected lo 
be less restricted than the conformation 
of an Internal position. In effect, a 
quencher ar the .V end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



prolx-s, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same rreiul as Al, wUh the 3' TAMRA 
probe having a larger RQ" than (In: in- 
ternal TAMRA probe. For the P2 pair, 
butli probes have about the same RQ 
value. Por the P5 probes, the. RQ' for the 
3' probe Is less than foi the inlcirially 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fecl on degree or quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second mi- 
cleotlde reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that pxobes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes wUh TAMRA 
attached Internally. Tor the Al prol>es, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQdocs 
not Increase when the quencher Is 
placed closer to the 3' end. This Ulus- 
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tralos the Importance of being able to 
use probes with a quencher on the 3' 
end in the V nuclease I'CU assay. In this 
assay, an increase In the intensity of re 
porter fiuorcscenc* Is observed €>nly 
when the probe Is cleaved between the 
reporter and quencher dyes. My placing 
the reporter and quencher dyes on the. 
opposite ends of an oligonucleotide 
lirobe, any cleauaiji' lliHl occurs will iw 
detected. When rhe qu«nch«r u attached 
to cm Internal nucleotide, »<jniotlm« the 
prohe works well (A.i-7) and other times 
not so well (AM). The relatively i«>or 
performance of probe A3-6 presumably 
means the probe is belziK clflavod 3' 1o 
the. quencher rothcr than between the 
reporter and quencher. Tharnlore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct In the. 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms r»l hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the 7",„ 
of a probe.. In fact a 2*C-3°C reduction 

in T m has been Observed for two probes 

with internally attached TAMRAs. ( " This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and Target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, It 
means that cleavage of probe during PCK 
Is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage Is for allelic discrimination. Lee 
et al.'"' demonstrated that allcle-speclfic. 
probes were cleaved between reporter 
and quencher only when hybridijscd to a 
pxirfcctly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
4F5(W mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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lli« S' end and wero designed to thai any 
mismatches were between the reporter 
and quencher. Increasing the distance 
betwuun reporter and <pienchnr W(hiM 
lessen Hie disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect tiirgut. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
rilu-rlminatkm. 

In this study lost of quonchlng upon 
hybridization wax used to show that 
quenching by a 3' TAMRA In dependent 
on the flexibility of a single-stranded oil- 
sonutieotide. The Increase in reporter 
fluoresceins intensity, though, could 
alto be used to determine whether iiy- 
oxidization has occurred or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to delect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetic Also, this type of probe could he 
used to develop homogeneous hybri ti- 
tration assays tot diagnostics or other ap- 
plications. Bagwell Ct al. (J0) describe just 
this type of homogeneous assay where 
hybridization of a probe causes nn In- 
crease In fluorescence caused by a loss of 
quenching. However, they utilized o 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two Imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
3 reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the oUiia 
ond generates a fluorogonlc probe that 
can detect hybridization or I'CK ampllfl- 
CHtion. 



ACKNOWLEDGMENTS 

We acknowledge Lincoln McBrldc at 
fcrkln-Llmer for hi* support and en- 
couragement on this project and Mitch 
Wlnnik of the University of Toronto for 
helpful discussions on lhiiu-iu>u)veU flu- 
orescence. 



REFERENCES 

1. l-ro, UC, CJt. Connell, and W. Uloch. 
t*$3. Allelic discrimination by nick-urns 
latlon PCH with fluorogenlc probes. Nit- 
ride Adds Ha. 2Xt 3761 37CC. 

2. Hollund, P.M., 1LD. Abruimuu, H. Wal- 



uct Dy utilizing the S' to .V «xonvclunt« 
activity oi 'fttennus aquatirtis ONA poly 
mnrstr-. Pmc. Natl. AcaJ. Sci. 88(7276 
72SQ. 

'A. l.yamirhcY, V.. M.A.D. ftrow. and J.I', 
tbhlhcrg 1943. SlrtKluicSpt'dfi*.- eiulo. 

nueleolyilc cleavage of nucleic acids by 
cunactcrlal UNA polymerases. Science 
ztoi y/n-yju. 

■i. Forsici, V.T1.. 1948. £~bOiruiiiuJefcu)are 
Knor(;i<r>r»i>d»ruui;und Fluorescent. Ann. 
Phyt, (leipilg) 2: SS 7S. 

H. lakowlrv, J.H 1<WU Knetgy transfer. In 
Miici/ik* of fluoTBCvnt spectroscopy, pp. 
303- 33P. Plenum Arma, VW York, NY. 

6. Suyer, l- and K.r. HaugUnd. JUfc-7. Energy 
transfer; A spectroscopic ruler. Ptvc Nail. 
Aftlcf. Sti. SK: 7l«-7?.6. 

y. Naka|ima-ti|ima, s, u. llatnatia, l>. Roddy, 
and T. Kakunaga. 19fts. Molecular struc- 
ture of the human cytoplasmic bcu-aclln 
Swne: lntei->pecJ«ii homology of se- 
quences In the Intruns. f'/uc Nvli. At-uil. 
Sti. «ai 613.1 0137. 

U. du Drcull, R.M., J.M. Paul, -ml R.V. Meii- 
dclow. 1993. Quantitation of 0-actln-spc- 
Clfic mRNA transcripts U«iTlfl xanc-eam 
petltlve PCR. PCR Methods Applk, 3: 57- 
SV. 

V. livak, K.J. (unpubl.). 
10. BaRwell, OB., Ml. Munson, K.I. Chris, 
tenscn, and EJ. Lovctt, 195H. A new ho- 
mogeneous assay system for specific nu- 
clviv acid sequences. I'uly-dA ami poly-A 
detection. KWei'c Adds Res. li: iAt*- 
2425. 



ka.dvt.-J Dwember 20, 1994; accepted In 
revised form March 6, 1995. 



sxoia 



aoira 



20S6 091 61-6 XVd" W-tl 200Z/Q0/ZT 



From : BT1_ 



PHONE No. 



310 472 0905 



Dec. 05 2002 12:20PM Pll 



■ 



8Y COPVnMUIT LSW (17 U.S. LODt) 



GtNOMI MP! HODS 



Real Time Quantitative PCR 

Christian A. Held, 1 Junko Stevens, 2 Kenneth J. Livak, 7 and 

P. Mickey Williams 1,3 

'BicAna.ytical lechnO.ogy D^.lmsnt, Gcnentcch, Inc., South San ^^?SJj 94 ° 8 ° : 
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Wc^ve developed a novel Tea. time" quanthailvc PCR method. ^J^ h "^ 
accumulation through a dual-landed (luoroeenlc probe ,c., TaqMjn ^J^^^^S??; 
.mirare and reorodudble ciuantltation of eenc copies. Unlike other quantitative PCR mctnoas, rcai-ume i ws 
rn rSr^ ^ple handling prevendn B potential PCR product carry-over contamhmion and 
T«IZ torn* and higher throughput assay, The reaklm* PCR ^.^^^J^, 
ranee of starting target molecule determination (at least five orders of nuenitudc). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than currenc quantitative PCR methods. 



Quantitative nucleic acid sequence analysis Has 
had an important role in many fields of biologi- 
cal research. Measurement' of gene expression 
(RNA) has been used extensively In monitoring 
biological responses lo various stimuli (L'a:i ct al, 
1991; Huang ct al. 1995a.l>; Prud'homme el al. 
1995). Quantitative gene analysis (DNA) has 
Ix-cn used to oV.leiminc the genome vjuaulily of. a 
particular gene, as in the case of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon e,t al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(IIJV) buTden demonstrating changes in the lev- 
els of vl rus throughout the different phases of the 
disease (Connor et al. 1993; i'latak ct al. jvv:sh; 
Kurtado et al. VJVS). 

Many methods have, been described for the 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern Sharp el 
al. 19K0; Thomas 1980). Recently, PCR has. 
proven to be a powerful tool fcrr quantitative 
nucleic acid analysis. I'CR and reverse transcrip- 
tase (KTJ-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
slblc many experiments that could not have been 
performed with traditional methods. Although 
PCR has provided a |*>wcrful tool, it Is imperative. 
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that It he uaeU properly r«r quantitation (tt»«y- 
maskers 1995). Many early rejwrts of quantita- 
tive I'CR and RT-PCR described quantitation of 
the VCR product but did not measure the Initial 
target sequence quantity. It is essentia] to design 
proper controls for the quantitation of the initial 
target sequences (I'crrc 1992; Clement I ct al. 
100?.) 

Ke.N«tr<:hcrs have, developed several methods 
of quantitative I'CR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the reaction before, the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
that each sample »as «jual Input amounts of 
nucleic add and that each sample under analysis 
amplifies with Ulcti Ileal efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity, such ax p-aclln) can be us«d for sample, 
amplification efficiency normalization. Usln« 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybrf dlzathm), it is «d remely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC)-PCR, has been developed 
and is used widely for PCR quantitation. QC-l'CR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Matak cL al. 199^,1>). The efficiency of each re- 
action is normalhwd to the inlcrnol competitor. 
A bimum aim mill of Internal competitor <*n be 
annw 7noa no i «*« wj rc:»t 7nn7/cn/7T 
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added to each sample. To obtain relative- niiani- 
totlon, Ihc unknown target PGR product is com- 
pared with the known competitor l*f:K product. 
.Success of a quantitative competitive I'CU assay 
relies on developing an Internal control thai am- 
jiiirii-?, with the same efficiency as the uugut "mol- 
ecule. TllC dCSlRH of the compedtoi and the vali- 
dation of amplification efficiencies icquire a 
dedicated effort. However, because QC-PCK dws 
nor. require I hat PCJR pioducls be analyzed during 
the log phase of tins amplification, it is the easier 
of Ihc two methods to use. 

Several detection system* me used for quan 
Utative PCR and RT-I><:11 analysis; <1) agarose 
gels, (2) fluorescent labeling of K'.R products and 
detection with liMttr-iiMliiccd fluorescence using 
capillary electrophoresis (h'usra ct al. 15*95; Wil- 
liams « al. 199fi) or acrylamtdc gels, and (.T) phu= 
capture and sandwich probe hybridization (Mul- 
der el al. 1994). Although these method- pmv«d 
successful. each method requires post-l'CR n»- 
nipulaTlons Thar add Time to the analysis and 
may lead to labomloty t uhlniriination. The 
sample diruuglipul of these inrlliods i> limited 
(wil)l the rxc.cpllon of the plate capture ap- 
proach), ami, therefore., these methods, ore not 
well suited fi>i u>o demanding high sample 
Throughput (i.e., screening of large numbers of 
bltumilevulc* >>i jciiily/.ln^ samplus loi didgnus- 
tie* or clinical trials). 

I lore we rcixjrt the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on lhe us«-of die .S' ° nuclease assay first 
described by Holland et al. (1995), The method 
uses the -V nuclease, activity of Ti«/ polymerase to 
cleave a noncxtcndlblc hybridization probe dur- 
ing tlie extension phase of I'CU. Ttie approach 
uses dual-labeled fluorogenic hybridization 
probes (Lee ct al. 1993; Jtusslcr ct al. 1993; l.lvak 
ol al. I995a,b). One fluorescent dye serves as a 
reporter |FAM (i.e., G-carboxyfluoresceiii)! and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.e., o-cari>oxy-letramethyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
brldl/arkm probe releases the quenching of I lie 
I'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at 53 H rim. 
The uie Of a sequence detector (AIM Prism) allows 
measurement of fluore.sce.nt spectra of all 96 wells 
of die mcrmal cycler continuously during the 
lX'M amplification. Therefore, the rcuctious ojc 
monitored m real lime, 'Hie output data is de- 
scribed and quantitative umtlysb of input target 
DNA sequences 15 discussed betow. 
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RESULTS 

PCR Product Derealon in R«al Time 

The goal wax to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmld -encoding human factor 
Vlll gene sequence, pF8TM (sec Methods). w;is 
used as a model therapeutic gene. '•'»<■• ass «y l,sr * 
fluorescent Taqinan methodology an<l an instru- 
ment capable of measuring fluorescence in real 
time (AIM Prism. 7700 Sequence ncieclnr). Ihe 
laqmao reaction requires a hybridization probe 
lal>cled willi two different fluorescent dyes. One 
dye is a reporter dy« (I'AM), the other is quench- 
ing dye (TAMRA). When the proln: is inlact, fluo- 
tcsccnl energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Hie extension 
phase of the l'CK cycle. Ihe fluorescent Iiybrid- 
IzAllori fifobc Is deaved by the S'-.V nuclcolytic 
activity of the. DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye. re 
sultiiiK l'» a" increase of the reporter tlyu fluoreK- 
cent cini.«loii np^Ciro. PCR primers mid probiu 
were desiginnl fin I tits human factor Vlll se- 
quence and human p-nutln gene, (as described in 
Methods). Opliuii2ntion reactions were per- 
formed to choose the appropriate probe uml 
magnesluni conccnuattons yielding the hiRliesi 
Intensity of ft|iortcr fluorescent signal without 
stierlficing spvclficity. The Instrument uses a 
charKe-couplcd device (i.e.. CCD camera) for 
measuring the fluorescent emission apeetni from 
SOO to C.$0 nm. ICach PC.lt tube wus monitored 
setpieiitially for 25 msec with continuous monl- 
toriHR throughout the ani|>lificatioii. Uach lube 
was rr-«Aantlncd every 8.5 see. Computer soft- 
ware, was designed to examine the fluorescent In- 
tensity of both the reporter dye (l'AM). and 
the quenching dye (TAMRA). The lluoresccnt 
intensity of the quenching dye, TAMRA, changes 
very lltll«i over the course of the PCR amplifi- 
cation (data not shown). Therefore, Ihc Intensity 
of TAMRA dye emission serves as an internal 
.ilnndtird with which to noiiuulbx: the reporter 
(\yv. (FAM) emission variations. The software cal- 
culates a value termed ARn (or ARQ) using the 
following equation: ARn - (Un J ) (Ro"). where 
lln 4 - emission iijlensily of reporter/emission in- 
tensity of tjueiicher at any given time In o rene 
don tube, ami Ru ~ emission intcnsilily of tc- 
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poncr/emlSSlOl) llUviisily »f quencher measured 
prior 10 1'CK iimplilicatiou in that same reaction 
lube. I'or the purpose of quantitation, the last 
three data points (ARns) collected during the. ex- 
tension step for each I'CX cycle w«rc analysed. 
The mtdeolylic degradation of the. hyuiKlouiiion 
probe occurs during the exierisrun phase of I't Jt, 
and, therefore, reporter fluorescent ciiuajuun in- 
creases during this time. Tin: data points 
were averaged for cadi It at cycle and the mean 
value fur each was plotted in an "amplification 
plot" shown In J'ifjurc 1 A. The AKn mean value is 
plotted on the j*.axis, and time, represented by 
cycle number, is plotted on UivjmucL*. During the 
«arly cycles of the VCH amplification, the ARn 



value remains at base line when sufficient hy- 
bridization probe has been cleaved by the Twj 
polymerase nuclease activity, the inlciisily of re- 
porter fluorescent emission lnereusvt.. Most IK'.\\ 
amplifk-Mioos reach a plal«au phanc of reporter 
fluoreseuui emission If the rcnelitui Is carried nm 
to high cycle iiu/nKi:.. The amplification plot 13 
exaniimj.1 caiiy in llm reaction, ut a point fhat 
luprcsonis ilu- log phase nf product acnnnula» 
tion. This is done by ussifjnlng an arbibary 
threshold thai is bused on the variability of the 
base-line dau. In Wgure U, the Ihtftshold wax set 
at 10 standard deviations above the mean of 
base line emission i:alculated from tydo 1 lo 1 fv 
Once the threshold Is chosen, the point at which 
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Flqure 1 PC.R product detection in real time. (>»> The. Model 7700 yjUware will construct amplication plats 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined horn the data points collected from the base line of the amplification plot, c, .values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times trie 
standard deviation of the base line). (B) Overlay ot amplification plols of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of the samples plotted versus <.. T . flit 
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the amplification plot, croisco the threshold' ivcte 
fined as C, . C r is reported u» the cycle numbvr at 
this point. Ac will be demons! rut ud, llu> CI, .value 
Is pieilii.Uve of the quantity of injnit tnrge.t. 

Cr Values Provide a Quantitative Measurement • of 
Input Targer Sequences 

Plgurc IB shows amplification plots of lii-dirTc*. 
ent TCR amplifications overlaid. The ompltKcu- 
Hons wore performed on a 1 :2 serial dilution «fl 
human genomic 1WA. 'l"hc amplified target wm 
human p actln. The amplification plots shift to 
the right (to higher threshold cycles) n.« the input 
largo! quantity is reduced. 'J"his is oxpectod ho- 
cjhiku nmt-.tlortK with fnivur starting mpitut of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine tin* (',,. values. Figure 1C represents the 
C^,. values plotted versus ihe sample dilution 
value, Each dilution was amplified in triplicate 
l j r:K amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with Increas- 
ing target quantity, Thus, O, values can be used 
as a quantitative measurement of the Input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6. ng sample shown In I'igure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The I5.6-ng sample also achieves e.ndnoint pla- 
teau at a lower fluorescent value than would be 
expected based on the input UNA. i bis plienom. 
cnon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated O, value us 
demonstrated by the fll on Die line shown in 
Figure l C. All triplicate amplifications netted in 
very similar C,- values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range. ol Iluorcsccni in- 
tensity measurement of the AIM 1'rlsm 7700 Sc- 
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mt»iVts over n very htrge rjmjjc of rs-latlvc ««riln(i 
target quantities. 

Sample Preparation Validation 

Several parameters Influence the eflleli-tiry nf 
PCR amplification: magnesium and salt conceit: 
iratloits. rciictlon conditions (i.e., time and tem- 
perature), PCU target size and composition, 
primer sequences, and sample puriry. All of the 
above (actors are common to a single J'CR assay, 
except sample 10 sample purity. In an effort to 
validate Ihe. method of sample preparation for 
the factor Vlll assay, PCR amplication rcprodno- 
ibility and oificiency oi 10 replicate sample 
pii'lKir.itions were examined. After genomic DNA 
wax prepared from the 10 replicate samples, the 
DNA was quamltatcd by ult/avlolcl spectroscopy. 
Amplifications were performed analyzing p-acim 
gene, content in 100 arid 25 ng of total genomic 
DNA. Each I'CK amplification was performed in 
triplicate. Comparison of C r values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Therefore, each ol the triplicate POt 
amplifications was highly reproducible, demon- 
strating that real time PCH using this instrumen- 
tation Introduces minimal variation Into the 
quantitative. PCU analysis, comparison of the 
mean Cn values of the. 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results - for ft-actin gene quantity. The highest 0".f 
difference between any of rlio samples was 0.85 
and 0.73 for the 100 and 25 ng samples, rcspet- 
llvely. Additionally, the. amplification of cadi 
sample, exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
l-)NA target analyzed as indicated by similar 
slopes derived from Ihe sample dilutions (Pig. 2). 
Any sample containing an excess of a I'CK inhibi- 
tor would exhibit a greater measured p-actln. O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with ilui 
sample in the dilution analysis (l-'ig. 2), altering 
the expected C,- value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible wllh regard lo 
sample purity. 

Quantitative Analvsis of a Plasmid After 

7nc« no; «h« wj «c:ftT 7nn7/cn/7T 
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Tabl« 1 . Reproducibility of Sarnplv Preparation Method 



Sampla 
no. 



7 
8 
9 
10 

Mean 



100 ng 



25 ng 



standard 
mean deviation 



CV 



18.24 

18.23 

18.33 

18.33 

18.35 

18.44 

18.3 

18.3 

18.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

1 8.67 

19 

18.2B 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

1 8.66 
(1 10) 



13.27 0.06 

1R.17 0.06 

18.34 0.07 

18.23 Q.QS 

1B.42 0.04 

18.74 0.2-1 

18.39 0.12 

18.63 0.16 

1B.29 0.1 

18.55 0.12 

18.12 0.17 



0.32 

0.3? 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.S& 

0.6S 
0.90 



20.48 

20.55 

20,5 

20.61 

20.59 

?0.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.S4 

20.48 

20.79 

20.78 

20.62 



standard 
mean deviation CV 



20.51 0.03 0.17 

70.54 0.11 0.5-1 

20.54 0.06 0,26 

20.0 3 0.05 0.26 

20.73 0.1 3 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.-16 

20.66 0.19 0,94 



(or containing a partial cDNA for human factor 
Vlll, pi-'oTM. A scrlvs of trnosfcetiom was sot 
up using a decreasing amount of the plasiru'd\40, 
4, (1.5, and 0.1 p.g). Twr.illy-fcjur hours po.st- 
tnnisfection, total RNA ww purified fnmi each 
flask uf (.rib. p-Actin j;t:iic quantity was chosen u.*, 
a value for norma Ji;-.<ll'mn of ^-.nomii'. DNA con- 
centration from well sample. In tills cxpeiimunt, 
B-actin gene content should remain constant 
relative to roral genomic UNA. Figure 'A shows Hie 
result of the p-actln DNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) of each sample. Kaeh sample was analyzed 
in triplicate and the mean |i-acttn Cr values of 
the triplicates were plotted (error bars rcprcsem 

r.nn r«"j-..loi-rt H«>iuiionl 'I h«» htphpsr niffrrrncp 



Uftwiwn any two samplci moans was 0.!»5 C,« Ten 
nanograms of total UNA of aaeh sample were also 
examined for p-acllm The results a^aln .sliowod 
that very similar amounts of genomic DNA were 
present; the. maximum mean (i actin C:, value 
difference was 1.0. As 1'igurc 3 shows, the rate of 
fl-actln C;,- change IxHwocn the 100 and 10-ng 
siunplca was similar (sIojm? values rang« butwoon 
3.56 and -3.45). This verifies again that the: 
method of sample preparation yields samples of 
Identical POR integrity (i.e. no sample contained 
an excessive amount of a VCR Inhibitor). How. 
ever, UK-se results indicate that each sample con 
talncd slight diffeieuces in the actual amount of 
genomic. 1>NA analysed. Determination of actual 
«uuuiaic t>NA concentration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Tabic 1 wore also amplified In 
tripic-ate using 25 ng ol each DMA (ample. The fig- 
uife shows the input ONA concentration (100 and 
25 ncj) vs. C, In irw fignr**. ih* 100 and 75 ng 
points for «ach sample are connected by a line. 



by plotting the mean fi-iictin C, value obtained 
for «ai!li lOO'llg sample mm a p.-aclln standard 
i-urve (shown In J'iH- The actual genomic 

ONA concentration of each suiiiph:, «, was ob 
talncd by extrapolation It) tliu X-axis. 

FiRviru 4A shows the measured (!."., non- 
nOfmallr.ed) quaiilil !<;.•> "f /actor VI)] plnsinid 
DNA (pltSTM ) from each of the four transient cell 
tr<i>i:<fcclSon!i. Each reaction contained 100 oc; of 
total sample DNA (as determined by UV spectros- 
copy). Ivach sample was uualyzed in triplicate 



25 



21 



20 



V27.T3< «l«rll. I 
y - sen.;/ • -3.59» f>« 1 
|(«M.JS*-X»»« F<- « 



pfflTM tromiootod 



• -» - 4.0 ftp 

— * ■ 0>3 (to 
A 0.1 uQ 



o.a 



1.2 



A' 



1.8 1.8 
log (ng Input ONA) 

Figure 3 Analysis of tidiisfectcd cell DNA quantity 
and purity. I lie DNA preparations of U<u lour 293 
cell transfections (40, A, O.S, and 0.1 jxg of pF8TM) 
were analysed for the (1-actln gene. 1 00 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pFoTM thai was transferred, the (J-aciln 
C T values are plotted versus the total Input DNA 



pc:r< ;rinpHficatiiins. As shown, ul'BTM purified 
.hoicJbc 293 cells decreases (mean C, values in- 
ctum*6j with decreasing amounts of plasmid 
■ iruitsli-Ucd. The- mean C, values obtained for 
pr-WM inTlgurC 4A were- plotted on a standard 
curve ce-mprlsed of scilally diluted pKHTM, 
shown in figure 4R. The quaullly ol pWM. b, 
found in each of the four transections was de- 
termined by extrapolation to the a axis of the 
standard curve. In l'hjurc 4H. Those: uncorrected 
values, b, for pHfl'M were normallfxid to dclcr- 
rninc the actual amount of pWrM found per 100 
nK "f genomic DNA by using ihe equation:. 

/' X 10 0 u« uclual pl-'trrM copies per 
U r 100 ng of genomic DNA 

where a •- actual genomic DNA in u sample and 
b<- pFHTM copies from the standard curve. 'Die 
normalised uuanUly of pl'STM per 100 ng of ge- 
nomic ONA for each of the four Iransfccilons Is 
shown In Figure 4JJ. 'llicse results ilitm mat the 
cjunniny of factor vill plasnild associated wiili 
the ceUH, 21 lir after irunsfwlion. di:t.ii:.isei. 
with dccrcaslni; plasniid unn..t:iuiaiiou used in 
the iransfcdiw". 'Hie quantity of pl'tt l'M nssoeJ- 
ated wJib 293 cells, afttT trunsfectlon with 40 ixg 
of plasniid, was 35 pg p<;r 100 ng jjwioirilc DNA. 
This results in -520 jjlasmid copies per ceil, 



DfSCUSSION 

Wo have described a new method for qunntitut- 
iin* gene copy numbers using real-time nnulysis 
of PCR amplincatlons. Real-time PCK is compat- 
Ible with cither »i the two PCK (KT-PCR) ap- 
pruacho: (1) quantitative compcliiivi: where an 
intenial coinpclltor for each target sequence is 
used for normaliy-adon (dala not shown) or (2) 
quantitative comparative PGR using a uwmializt)- 
tion jjcik" contained within the sample (I.e., fj-ac- 
tin) or a "housekeeping" gene, for RT-PCK. If 
equal amounts of nucleic acid are analyzed f«»r 
eacti sample and if the auipltflcatluii effit imcy 
before quantitative analysis o identical for each 
sample, the tmernul cunlml (noimali^iiion gene 
or competitor) should Rlvc equal signals for al) 
samples. 

Tlic real-time PCU method tjffers scvvml ad- 
vantages over tlic other two mclhotls i-.urrcntly 
employed (see the Introduction). I'irst, thu real- 
time l>CR method Is perfonncd in a doscd-tubu 
system and requires no post-PUR manipulation 

f t\r> o rtrti o %. a ~u~v .T r\ r\ ' f T f r\ n T / o r\ /it 
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Fl0iirn 4 Quantitative- analyst of pF8TM in transfcclcd cclli. (A) Amount of 
plasmid DNA used for I he trunsfectlon plotted against ilic iihjum C", value dcter- 
minod for pr8TM remaining 2-1 hr alter tronsfection. (0,0 Standard curves of 
pCRTM and fi-actln, respectively. pfSTM DNA (fl) and genomic. ONA (Q were 
diluted serially 1 ;5 before amplification with the appropriate primers. Tfic fi-actin 
standard curve was usod to normalise the results of A to 100 ng of genomic DNA. 
(O) Tho amouiil of pF8TM present per 1 00 ng of genomic DNA. 



of simple Therefore, potential for PCR con- 
lamination in the laboratory is reduced bccauNv 
amplified products can In: analysed and disposed 
of wit huu t opening tho ruactitin tubes. Second, 
this method suppoils lh« us« of a imriii.ilix.iitioii 
gene (i.c., P-nctin) for quantitative. PCR or house- 
keeping genes for quantitative RT-1'CH controls. 
Analysis is performed in real time during the log 
phase of product accumulation. Analysis during 
)uk phase permits many different gem-s (over a 
wide input target range) to be analysed simulta- 
neously, without concern of reaching reaction 
plateau at different cycles. This will make nitilll- 
gene analysis assays much caslv.i |w develop, be- 
cause individual internal «.iiinp«iliui> will not be 
needed for each gene under analysis. Third, 
sample throughput will uxticasc dramatically 
with the new method because there is no post- 
TCK processing time. Additionally, wwking In a 
yft-wcll formal is highly compatible with autt)' 
million technology. 

The real-time PCR method is highly repro- 
duciblv. Replicate, amplifications can be analyzed 



for ^aeh sample minimizing ]>otcnU»l error. The. 
system ;ilUiw.v tor a very large assay dynamic 
rmige (approaching l,UOO,(XK)-rol<] starting tin- 
got). Using u standard curve for the. target ol in- 
terest, relative copy number values can be deter- 
mined for any unknown sample. Huoresceri 
threshold values, Op ccnidair. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
KT-I'CJt methodology (Cilbscui ct al., this l«us) 
has abo been developed. -finally, real lime quan- 
titotive J'CIi methodology can be used to develop 
high-throughput screening assays for a variety of 
applications [quantitative gene c*piraaiuu (RT- 
rCU), gene copy assays (Mcr2, 111V, etc.), gcm> 
typlng (Vmoekout mouse analysis), and lmmum>- 
PCRJ. 

Real-time PCU may al.wi lie performed using 
intercalating dyo.s (Hlguchi ct ul- 1WZ) such us 
ci-hJdium bromide. The fluorogenie probe, 
method offers a mafor advantage over inter- 
calating dyes-- -greater specificity (i.e., primer 
dlmvrs and nonspecific PCR products are not de- 
t<"vied). 



o 7 r, fvfc 



From : BML PHONE No. : 319 472 0905 Dec. 05 2032 12:25AM PIG 



RIALllML QUANIIIAIIVI- l\M 



1 



METHODS 

Generation of <t Plasmld Containing a Partial 
cDNA Tor Human Factor Ylll 

Total UNA was hnrvrttcU lUNAw' » (rum M el T«t, Inc., 
J-ncndaKoodj 'I'M) from cell> i.-nsfcctwl wllh o factor VIII 
expression veetor, pC.ISZ.ik-2.SIS (Katun el «!.' I OHO; Cor- 
man ct al. 190O1. A factor VIII partial cUNA vruMtltv WAS 
Kent-rated by irj* K:lt Ic.VneAmp vy. CTtll llNA I'fJl Kll 
(pan N80K-0V/H, I'li Applied nitisysicms, Vonvt Ciiy, 
uilnc the I'eat primeri IWlvr »•••! I-Tlrev (primer JU-cruinrcJ, 
are shown below). Tin- atnpllcon was rcani]ilifit-tl oslnR 
modified Iflfor and Wrcv primers (ap|x-nded will) fiamlll 
and HinMl restriction sire, sequences Ht Uiv h' ci'df iind 
clonal Into ptiKM- 3Z (Proim-j-u CUirp.. Mutluon, Wl). The 
rcsultlnfCClrmr, pVSTM, was used lor transient transfeciloil 
of 293 cells. 



Amplification of Target DNA ami Duit-ciion of 
Amplicon Factor VIII I'lasmid DNA 

(pr"H*l*rt1) was wnpllflctf Willi the ptiiiit-ii l-tifor 5'-<X;C- 

(rm<:<:AAc;Au:jTjA<;<iiCiTO..,v and i : srev .v-aaa<:c7i- 

«lAC5Cen'OC»A , IX{Cjl - A«Ci-3 , .11i« runvtliui produced ti 422- 
np VMM. product. The forwiml primer was desutnud lu n.%- 
oynlze u unique M-tpieme finind In llic 5' untranslated 
region of iliu paicm pC132.iSt.Z5i> plaMiiivl mid lluarfore 
does not ivui n nUu and amplify ihv human factor VIII 
gene. I'rimnrs woro chosau with iho avjiftam-f- of I he com- 
puter program Olis«' 1." (NuliiMwl lliuscionccs, Inc., I'ly- 
mouth, MN). The human p-actln gene whs amplified with 
ll ic prtmcn |J-n« lin forward primer .CATCAOOCAC.Atrrtrr 
GCOCATC?rA(:c';A-.V and p-acliu reverse primer S'-CAC. 
C0GAACCX:frrCAri:(;c:CAAJC(.1-3'. The reaction pro- 
ciiicco a 2VS-np I'Ck product. 

Amplification reactions (SO pj) eiiiiiHineil a UNA 
sample. Hlx I'<:h Huffe.r II (a jU), 200 hm ilATl', JOT, 
dGTP, and 400 |isi rilJTl*. 4 inxt Mg<:i„ 1.2.S Wnlis Ampll 
7in; ONA poiymciasc, 0,5 unit Ampf-msc uracil rV-fiiy- 
lym/Ium- (UNO), £0 pmolv of ench fncloi Vlll |irliiivi, und 1 S 
ptuoli- of uudi |t actio pilm«r. 'Hici irai'lliiivk uImi txinlttlncd 
on« of the foM<>wliif{ dt'k'rllon prutws (KMt nu rnrli); 

i'8j>rvbe f>'0'AM)AC.eTr<m:rji.c:<rv<:cm(:i"rv<vi'cr. 

GCCTT(TAMRA)p 3' «ud p-nttin uroU- S' (TAM)ATCf.:t:t:- 
XOAMHAJCOCCCATCCCATCp-.T where p indicates 
plio^plioryloiion nnd X Indicates a linker arm nucleotide. 
Reaction Mk-j werx- Mi<:mAmp Optionl Tulxj (part fttim- 
ln-rNKOI OO.'t.l, I'erklji Ulnwi) Uiat wvrv f ructMl (<tt IVrW" 
PJmcr) to prevent ligiil from /cflcctlng, Tube cop> were 
similar tn Mien>An<p Cjips hut speciAily desinned to pre- 
vent IIrIu svatlvrMig. All <■< ili<- IKiK iU.ii«wtiii>HU-» were u<>>* 
f.liud Ivy PK Applied lljosyptenu (|!<>«ler filly, CX) except 
Ihr factor Vlll primer*, wlilvH v»eir .tynllicslzcd ill CcilV'i 
lech, Inc. (Soulh 5a'> rronclsco, CA). l'tol>es ww d«Ij;ni-d 
lining the Oligo ^ joftwarc, f«lluwlnp, giildclliiov mijj- 

Kcsi«i in tnc Mculd 7 700 .sequence Petttuir lii.nuuin'iil 

iiiunual. Hrlcny, probe T„ sliimlil lie «l least 5"<J l)lBlicr 
tnatl Hit 1 anm-ullnx leiiip\'idlurc used durlnj; iln-rmol cy- 
clnny primers slmulil not fonn kUhlv duplexed with ihe 
pronr. 

'Hie llienufll tycllng cuiiditKnu Inrluded 2 niln ftl 
50"C and 10 ruin ul 9S"C. 'Ilicrmal cycling prorecded with 



reactions wore pcrfonned in I ho Modol 77(U) .Sequence Dt- 
le«i<ir (l*E Aprheu Ulo«yvn.'uiv), wlilrh cuntalni -a Cow- 
Amp W:U Syslum I90OO. Kc-a<:llon «niditioi<« wi-rr- pro- 
groiiiiitL-d un j ^>w« Maoiitt..l> VlOt) (Apple U>mp"(fr, 
Santa Claru, l'J\) linked dirvcily m the Model 77(10 Sr- 
queiiev IXileetor. Alla'y'' , • ^ ata w * v l"' rf "" T " ,fl 
the W.elntrrth eompxiter. fVillflrtlmi and analytic cnflwato 
wiu develnpwl xt W. A|>i)lletl Wc«ystunis. 

Traiwfeetion of Cells with Factor Vlll ConrfruLl 

l-dur I ) 7S flasks of 293 tells (A'I CU: CSl. lS7'.t). a human 
fetol kidney nnipeiiKion cell line, wvre griiwn lo R0<Mi con- 
ll.iemy and tranjfceU'd pl rflM. Cells were Rniwn In thv 
tollnwlng media: SODb HAM'S VVl without GUT, .W)f> \"»> 
glucose HvillK'txn's mtjdlflrd Kaxlc medium (UMI1M) wllli- 
otn slyrint: with sodium bicarbonate, 10% total txtvinc 
seniiii, 2 him L-nlulainiDC, and 1% penicillin-slrcpicjmy- 
vln. The media w« dinr»(,'cd 30 mln More the Iransfcc 
lion. pl ; UI M f>NA amountit of 40, 4, OA, and 0.1 wi 
iKiiled i«> l.A ml of a sptotlim contalnlnR O.izi m CmCJ 7 .- 
and 1 X IICJ'llS. The four mixrures w«re left al roon tt'in- 
(.■cnit.ii-f Ift to mlrt and then adtli.nl rlnipv/lM- to tl>e eells. 
The n»>k» wif,triv.uljulcd al 37°C and 5. ( M- Ci\ for 24 hr, 
washed with PUS, .-"itl ratuspended In PBS. The rwiin 
|A-mltsl cells were divided into »lit|o<>l.i and UNA was ex. 
tniKtrd Iniincdlutely usiiik Uiv QIAainp Klinni Kit (Qiasen. 
aiol.im>rtl), CA). UNA w».s clulcd Into 200 p.1 til 20 i»w 
Trls-IICJ at pll ».0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (/) CS7MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressive promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24J. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-l 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
(3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-0 superfaraily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), zndsiamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 

tissue growth factor; SSH, suppression subtractive hybridization; 

VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 

deposited in the Genbank database (accession nos. AF100777, 

AF100778, AF100779, AF100780, and AF100781). 
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cDNA was synthesized from 2 /xg of poly(A)" RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A)* RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /xM of each dNTP at 
94°C for 1 sec, 62"C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (4ct) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
3-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WlSP-spcciUc signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDN A sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 {M, 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~ 27,000 {M, 27 K.) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnl-4 cells. Poly(A) + RNA (2 /ig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP- 1- specific, probe 
(amino acids 278-300) or a 190-bp H / 75/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A ) and mouse and human W1SP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WlSP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate ' 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is . involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
W1SP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WlSP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A , C, E, and C) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (C and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression otWISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P — 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 




Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £coRI (WISP-I) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-l probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means £ SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means £ SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C$7MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such asTGF-ft platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a»ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
. tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-01, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic 0-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENKor AEQKwere dissolved in water, made isotonic with 
NaCI and diluted into RPM1 growth medium. T-ceU-proliferation assays were 
done essentially as described-"'. Briefly, after antigen pulsing (30u.gmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPM1 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of J H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 txg TTCF with 0.25 u.g 
pig kidney legumain in 500 u.150 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEED1, HlDN(N-glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mil mT' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmr' a- 
cyanocinnamic acid in 50% acetonitrile/0. 1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily*. Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 ( Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAlL", Apo3L/TWEAK"', or OPGL/TRANCE/ 
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RANKL'°~' ! (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 ngml"'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results", activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osieoprotegerin (OPG): the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the/V-linked gtycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis. was done 
using the DcR3 cDNA as a probe and blots of poly(A)" RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes' Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at -ljigml"'; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a. 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a signiricantdifference (P < 0.001 ) between the 
binding of OcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1. DcR3 or Fas. 
e. Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag-tagged sFasL was 
incubated with DcR3rFc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR)" in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
. were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a. Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasU 5ngml"') oligomerized 
with anti-Flag antibody (0.1 jig ml" 1 ) in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human lgG1 arid assayed for apoptosis (mean n s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of 1 u.g ml"' DcR3-Fc (tilled circles). Fas-Fc (open circles) or 
human IgG I (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interieukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc. or DcR3-Fc(10u.gmr'). 
After 16 h. apoptosis of CD4" cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with s, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (rilled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 6, Cr (mean » s.d. (or two donors, each in triplicate!. 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slighdy less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 ". . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas !0 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface". DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g. h. j, k. r). seven squamous-cell carcinomas (a, e. 
m, n. o. p. q). one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means i s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Oata are 
means ± s.e.m. of five experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-Held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T160. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's t-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR_3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG', which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. 



Methods 

Isolation of 0cR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL' (2 u.g), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ )s S]cysteine and [ 3S S|methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL ( 1 u,g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u.g) was 
incubated with buffer or with DcR3-Fc (40 tig) for 1.5 h at 24 °C The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 1 00 u.1 aliquots into microti tre 
wells ptecoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 
702 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgG 1 before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICO. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 fig ml"') for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml"') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with "Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector-target co- 
cultures relative to release of s 'Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined byquantitative PCR" 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (TI59), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5'-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (4CT \ where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £ coli' J ~' is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM'. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity", and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 5 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L' with two thick arms (arm 1 and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded fi- 
shed (p3 and P8-{$ 12) spans both arms of the L, with a domain of a 
ct- plus P-type structure (pi, P2, P4-P7, al and ot2) on one side 
(within arm I) and a domain of mosdy ct-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a. View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b. View along the two-fold axis of the 
HisP dimer. showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c. view of one monomer from 
the bottom of arm I. as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
e. These figures were prepared with MOLSCRIPT 25 . N. amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
ol measuring fluorescence in real-time, was used to' quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, int. /. 
Cancer 78:661-666, 1998. 
O 1998 micy-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid rumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi el a!.. 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndl (1 1 q 1 3), and erbB2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl. and erftB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et al., 1992; 
Schuuring et al., 1992; Samon et al.. 1987). Muss et al (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erti&2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson etal, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al., 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e.. ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al. 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the rumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-lime PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e.. lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4q 1 1 -q 1 3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi ei a!.. 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 



N ■■ 



copy number of target gene (app. m)>c, ccndl. erbBl) 
copy number of reference gene (alb) 



Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- ' 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvem, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (10 5 copies of each gene) to 
10"'° (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50 D C and 1 0 min at 9S°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for I min. Each assay included: a standard 
curve (from 10* to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-lime detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 



GENE AMPLIFICATION BY REAL-TIME PCR 



Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the mvc, ccndl and erbB2 proto-oncogenes, 
and the (3-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 
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Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/u.1. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes (app and alb) 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2: alb. 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi elal.. 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 2. 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbS2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc. 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean0.9 1 ± 0. 1 9) for erbBl. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc. ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table 1. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and mvc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl. 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q2) region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-lime quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N a 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND tr*B2 GENES tN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 


25 


myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 

83 (76.9%) 
87 (80.6%) 


II (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, wc validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi el ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo el ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
em blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti el ai. 
1996; Slamon et ai. 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi el ah, 1994). (if) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems el ai, 1 992; Borg et ai. 1 992). (ii'i) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and er6B2 amplifica- 
tion, confirming the findings of Borg et ai ( 1 992) and Courjal et ai 
(1997). (iV) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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CCND1 



ALB 



Tumor 
I T118 
I T133 
T145 



Ct Copy number c t Copy number 



27.3 
23.2 
22.1 



4605 
61659 
125892 



26.5 
25.2 
25.6 



4365 

10092 

7762 



Ficure2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Til 8 (E12, C6, black squares), Tl 33 (Gil, B4, red squares) 
andT145 (A8, C8, blue squares). Given the Q of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experimenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems el ai, 1992; Borge/o/., 1 992; Courjalef 
at., 1997). (v) The eriB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1995; Deng el ai. 1996;Valeron 



el ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai ( 1 997), who used the TaqMan system to 
measure er6B2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM J BREAST TUMORS' 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy- 
number 


Mean' 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


mi 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 






16.34 




125892 


125392 


3448 


7762 


7672 


316 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(a5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbBT) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et a!., 1992; 
Slamon « a/.. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 prolo- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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